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Abstract

The ¢ photoproduction is a unique tool to study the multigluon-exchange process, or Pomeron
exchange process in terms of Regge theory, near the threshold. We have been investigating
the reaction mechanism of the photoproduction of ¢ meson at very forward angles with LEPS
spectrometer at SPring-8. In the previous 2005 LEPS measurement of the vp — ¢p reaction
where the energy range was from the threshold up to £, = 2.37 GeV, a nonmonotonic struc-
ture of the energy dependence of (do/dt),—,, was observed at around £, = 2.1 GeV, which
cannot be explained by the simple ¢-channel Pomeron+7° + 7 model. The origin of this non-
monotonic structure remains an open question until now. To study the nonmonotonic structure,
we have extended the energy range up to £, = 2.9 GeV and measured the yp — ¢p reaction
using a linearly polarized photon beam in 2007 and 2015. The K™ K~ pair from the ¢-meson
decay was detected by the LEPS spectrometer to identify the yp — ¢p reaction, and the differ-
ential cross section was extracted. Also, we have measured the spin-density matrix elements
above F., = 2.37 GeV for the first time, and confirmed that the Pomeron-exchange process is
dominant (~ 80%) at these energies. The cross sections were used to determine the Pomeron
strength factor. The cross sections and spin-density matrix elements are consistently described
by the ¢-channel Pomeron and pseudoscalar exchange model in the £, region above 2.37 GeV.
In the lower energy region, an excess over the model prediction is observed in the energy de-
pendence of the differential cross sections at ¢ = #,,,;,. This observation suggests that additional
processes or interference effects between Pomeron exchange and other processes appear near
the threshold region.
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CHAPTER
ONE

INTRODUCTION

A main physics motivation of this work is to investigate the nonmonotonic structure of forward
cross sections for the yp — ¢p reaction around £, = 2.1 GeV observed in the previous mea-
surements of the LEPS and CLAS Collaborations. In this chapter, we describe the importance
of the ¢ photoproduction as a tool to study multigluon-exchange processes and review previous
measurements.

1.1 Multigluon-Exchange Process and Photoproduc-
tion of o-meson

Photoproduction of the ¢ meson is a unique tool to access to multigluon-exchange processes
(or a Pomeron-exchange process in terms of the Regge theory) at low energies. Figure 1.1
shows a multigluon-exchange process (a Pomeron-exchange process) of the ¢ photoproduction
on the proton.

(a) QCD framework (b) Regge theory framework

y )

Multigluon exchange Pomeron exchange

Fig. 1.1: Diagrams for photoproduction of the ¢ meson. (a) A multigluon-exchange process in
the framework of QCD. (b) A Pomeron-exchange process in the framework of Regge theory.

Here, the photon and vector mesons (p°,w, @, J/1,..) share the same quantum numbers
JPC = 17—, therefore the photon can convert into a vector meson (¢) for a short time. In
other words, the photon behaves as a vector meson near hadrons [1]. This model is called the
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vector meson dominance (VMD) model [2]. In this model, the amplitude of the vector me-
son photoproduction Ay, is related to the hadron-hadron scattering amplitude Ay-,_,y, as

follows [3]:
Aspsvp = Z
Vr

where e represents the electric charge and ~y- is the v-V’ coupling constant. V. indicates that
the summation is only over the transversely polarized vector mesons, because a real massless
photon has no longitudinal polarization.

e
AV’p—)Vpa (11)
v

Although the multigluon-exchange processes are universal for all the hadronic reactions due to
the flavor-blindness of the gluon interactions, they are usually hidden in low-energy hadronic
reactions by the large contribution from quark exchanges. This makes the study of the low-
energy multigluon-exchange processes or Pomeron-exchange process difficult. The ¢ photo-
production from the proton (or the nucleus) is characteristic in that the quark exchanges are
highly suppressed because the ¢ meson is almost purely an s3 state and the target particle does
not contain net strange quarks [Okubo-Zweig-lizuka (OZI) rule [4, 5]].

Figure 1.2 shows energy dependences of total cross sections for the photoproductions of vector
mesons (p, w, ¢, J/1). In the framework of the Regge theory, the slowly rising energy depen-
dences above /s = 10 GeV are well explained by introducing a t-channel exchanged Pomeron
trajectory [6, 7, 3, 8]. We dedicate the following subsection to a short review of the Regge
theory and the Pomeron. In the framework of quantum chromodynamics (QCD), multigluon-
exchange processes are a likely candidate of the Pomeron exchange process. At low energies
Vs ~ 2 GeV, the excess due to contributions of the quark exchanges are seen in the p° and w
photoproductions (Fig. 1.2), while for ¢ (~ s3) and .J/1 (~ c¢) photoproductions, the data do
not show clear contributions of the quark exchanges at low energies.
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Fig. 1.2: Total production cross sections of vector mesons, together with fits of the form \/55,
where the logarithmic derivative 9 is the fitting parameter [9].
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1.1.1 Nonmonotonic structure of forward cross sections

The Pomeron-exchange amplitude increases monotonically with the energy [6, 7, 3, 8] (see
also section 1.1.2). Therefore, the cross sections for the vp — ¢@p reaction at zero degrees
(do/dt)=,. [see also Eq. (1.20)] are predicted to increase monotonically with incident photon
energy due to the dominance of the Pomeron-exchange process. However, a nonmonotonic
structure at around /s = 2.1 GeV was first observed in 2005 by the LEPS Collaboration [10] as
shown in Fig 1.3, which cannot be explained by simple ¢-channel 7°, 7 and Pomeron exchanges.

2.5~
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= [ —5— BONN (1974)
O — —A— DESY (1978)
S B —— DARESBURY (1982)
) B
N —a— SAPHIR (2003)
| —e— LEPS (2005)
C CLAS (2014)
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4
E, (GeV)

Fig. 1.3: Energy dependence of (do/dt);—;,, . Data points are taken from Refs. [10, 11, 12, 13,
14, 15, 16, 17]. The solid curve represents the prediction of a model including the Pomeron, 7°
and 7 exchange processes [18].

The CLAS Collaboration also confirmed this nonmonotonic structure by the extrapolation of
their measurements at larger angles [17, 19]. The origin of this nonmonotonic structure is still
an open question. The possible explanations are summarized in the section 1.4 of this chapter.

Note that in this thesis, we use "low energy" to indicate below E, = 2.4 GeV if the energy is
not explicitly specified, where the nonmonotonic structure exists as shown in Fig. 1.3. On the
other hand, "high energy" indicates the energy region above E, = 2.4 GeV.

1.1.2 Regge theory and the Pomeron

In this subsection, we give a short review of the Regge theory and the Pomeron, which are
developed in 1960s before the QCD was established. Originally, the Regge theory is developed
to explain the non-perturbative region of the hadron scattering, using hadronic degrees of free-
dom. It is based on relativistic S-matrix theory, and the starting point is not the Lagrangians

1.1. Multigluon-Exchange Process and Photoproduction of y-meson 3
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or Hamiltonians. Note that the key idea of the theory is treating the angular momentum as a
complex variable as described below.

Postulates of S-matrix theory

The abth element of S-matrix is the overlap between the in-state |a), and the out-state |b) (free
particle states as ¢ — —oo and t — 400, respectively), as follows:

Sab = (Dout|@in) - (1.2)
We give a set of postulates of S-matrix [20].
Postulate 1 The S-matrix is Lorentz invariant.
Postulate 2 The S-matrix is unitary: SST = STS = 1.

Postulate 3 The S-matrix is a holomorphic function of Lorentz invariants (regarded as com-
plex variables), with singularities dictated by unitarity.

Here, we consider only two-particle to two-particle scattering 1 + 2 — 3 + 4. From the first
postulate, the S-matrix can be expressed as a function of the Mandelstam variables s and #, i.e.,
S = S(s,t). The definitions of the Mandelstam variables s, ¢, and u are as follows [21]:

s = (p1+p2), (1.3)
t=(p1 —ps)’, (1.4)
u=(p1 — pa)’, (1.5)

where p; and p, are the 4-momenta of the incoming particles and ps and p, are the 4-momenta
of the outgoing particles. Note that for two-particle to n particle scattering processes, there are
3n — 4 independent invariants.

The second postulate comes from the conservation of probability, and leads to the Cutkosky
rule (and optical theorem) described below. The scattering amplitude 4 is defined as follows:

Sap = Oap +i(27)*0* (Z Da — Zm) Aap, (1.6)
a b

where p denotes the 4-momentum. By using S,;, = S, Which comes from the parity and time
reversal conservation, the unitarity condition of the S-matrix is converted as follows:

2ImAy, = (2m)"6* (Z Pa— Y pb) D AgAl (1.7)
a b c

This is called Cutkosky rule [22, 23], and a generalization of the optical theorem which relates
the imaginary part of the forward elastic scattering amplitude A,, to the total cross section
(0ot < ImA,,)'. Eq. (1.7) allows us to get the imaginary part of an amplitude by considering
the amplitudes of the incoming and outgoing states into all possible intermediate states. This
rule will be used in later chapters.

The third postulate determines the singularity structure of the S-matrix. Only simple poles and
branch cuts are the allowed singularities, and physical information is contained in these poles
and cuts. Also, causality is related to this analyticity, and the satisfaction of the dispersion
relation [24] is ensured by the third postulate.

I'This is a special case of a = b in the Cutkosky rule Eq. (1.7).

4 Chapter 1. Introduction
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Sommerfeld-Watson transform

The scattering amplitude can be expanded in a series as follows:

A(s,t) = i(% + 1D)ae(t) (1 + 2s/t). (1.8)

=0

Note that this expansion is obtained by interchanging s and ¢ after the standard partial wave
expansion of the ¢-channel amplitude [3, 20]. This ¢-channel partial-wave series representation
is motivated by the dominance of the ¢-channel diagrams in the hadron scatterings at high
energies (and small |¢|). Sommerfeld and Watson rewrote this formula in terms of a contour
integral in the complex angular momentum ¢-plane as follows [25, 26]:

Als,t) = —% (20 + Da(t, )P(f, —1 — 2s/t)——dL, (1.9)

T Jo sin /¢
where the contour C' surrounds nonnegative integers as shown in Fig. 1.4. The function P (¢, z)
is a generalized Legendre polynomials (hypergeometric function), and has a complex argument
0. P({,z) = Py(z) holds for each nonnegative integer ¢. Also, a(/,t) is an extension of a,(t),
and an analytic function of the complex argument /. Eq. (1.8) can be reproduced, using the
following two properties: (a) z"—; is a meromorphic function having simple poles at £ = n,
n € Z with residue (—1)", and there are no other singularities in the complex plane, and (b)
P(¢,—z) = (—=1)*P((, z) holds for each nonnegative integer ¢. The overall sign is determined

by the orientation of the contour C'.

Im
A

{-plane

Fig. 1.4: The integration contour for the Sommerfeld-Watson transform of the scattering
amplitude. The black dots on the real axis represent integers, which are the simple poles of
the function —"—. The other black dot (Re/ > 0, Im¢ > 0) represents a simple pole of a(/,t).

The blue contour C' surrounds the nonnegative integers 0,1,2,---. The green one C’ is the
deformed integration contour. See text for details.

Regge poles

Next, we deform the contour C' into C”, which runs parallel to the imaginary axis with Re ¢ =
—1/2, as shown in Fig. 1.4. In deforming the contour, we must encircle any poles or branch

1.1. Multigluon-Exchange Process and Photoproduction of y-meson 5
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cuts of the function a(¢,t). In Fig. 1.4, we show the deformed contour in the case of a(/,t)
having one simple pole. Let the Laurent series of the function a(¢, t) about the simple pole be

p(t)
¢ —alt)

where f(¢,t) is an entire function about /, i.e., the residue of a(¢,t) at ¢ = «(t) is 5(t). Then,
we arrive at

a(l,t) = + f(4, 1), (1.10)

_ w(2a(t) +1)B(t) 1 /—éﬂ‘w 2041
A(s,t) = sinral) P(a(t), —1—2s/t) % )y smnt a(l,t)P(¢,—1-2s/t)dC.
(1.11)
In the Regge limit where s > |t|,
D(2041) /1 s\

holds, where I" is the Euler gamma function. Therefore, the second term on the right hand side
of Eq. (1.11) can be neglected as s — oo. Finally, the amplitude (first term) can be written as:

A(s,t) = B(t)s*", (1.13)

where some factors depending on ¢ (but not on s) have been absorbed into the function B .

Regge trajectories

If we consider that the physical particle of spin J and mass M is exchanged in the ¢-channel,
we can expect the following relation:

alt=M?) =J. (1.14)

Chew and Frautschi noticed that the spins of light mesons are linearly related to the square
masses [27, 28], as shown in Fig. 1.5.

J=a()

4
M? = t (GeV?)

Fig. 1.5: The Chew-Frautschi plot.
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In other words «/(t) is a linear function, and from Fig. 1.5, the intercept and slope of «/(t) are
obtained as follows:

a(0) = 0.55 (1.15)
o' = 0.86 GeV 2, (1.16)

where «(t) = «(0) + o/t. This is called a mesonic "Regge trajectory”. It is known that baryons
also furnish Regge trajectories.

Pomeron

If t-channel exchange of the Regge trajectory «(t) is dominant, the total cross section behaves
as follows:
Ot x 4O~ (1.17)

which is derived from Eq. (1.13) and the optical theorem. Because the mesonic and baryonic
Regge trajectories satisfy a(0) < 1 [Eq. (1.15)], it is expected that the cross section vanishes
asymptotically at large 1/s. However, as shown in Fig 1.6, the observed total cross sections rise
slowly as /s increases. If we attribute the slow rise to the ¢-channel exchange of a single Regge
trajectory, its intercept «(0) is greater than 1. This trajectory is called the Pomeron, named after
its inventor Pomeranchuk. Foldy and Peierls has pointed out that if the cross section does not
fall as /s increases, its reaction processes should be dominated by the ¢-channel exchange of
vacuum quantum numbers [29]. Therefore, the Pomeron is considered to carry the quantum
numbers of the vacuum.

Using the Pomeron contribution, Donnachie and Landshoff (1992) extracted the following ex-
pression of the total cross sections for the proton-antiproton and proton-proton scatterings [30]:

opp = 21.75%% 4+ 98.45704° mb (1.18)
Opp = 21.7"% +56.157 %% mb (1.19)

with s in GeV? by the fit as shown in the top left of Fig. 1.6. Fitting region was /s < 100 GeV.
Note that the data points of 1/s > 100 GeV were obtained using the Fermilab Tevatron acceler-
ator after Donnachie and Landshoff had got Egs. (1.18,1.19). The first terms on the right hand
sides of Eqgs. (1.18,1.19) 21.75%%8 are the Pomeron contribution, which are dominant at high
energies. They are the same because the Pomeron carries the vacuum quantum numbers, and
cannot distinguish between particles and antiparticles. The second terms are due to the Regge
trajectory shown in Fig. 1.5, which are, on the other hand, important at low energies. Because
the intercept a(0) of the mesonic Regge trajectory is «(0) = 0.55 [see Eq. (1.15)], the exponent
a(0) — 1 = —0.45 is obtained [Eq. (1.17)]. The fit tells us that the Pomeron has an intercept
a(0) =14 0.08 = 1.08.

Other hadron scatterings show the same behavior o = Xs%% 4+ Y s7045 a5 shown in Fig. 1.6,
which indicates that the Pomeron contribution is universal. The coefficients X and Y are
determined by the fit. Note that the coefficient X is common to ab and ab scatterings for the
same reason as the proton-antiproton and proton-proton scatterings.

1.1. Multigluon-Exchange Process and Photoproduction of y-meson 7
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Fig. 1.6: Total cross sections.

The top right of Fig. 1.6 shows the results for 75p. The coefficients of the Pomeron term X
in the fits to p(p)-p and 7-p scatterings are in the ratio 1.59 : 1 ~ 3 : 2. This ratio can be
understood by the quark-counting rule [31]. The proton has three valence quarks whereas the
pion has two. Here, the Pomeron is assumed to behave like a point particle, which is inferred
from the ¢-dependence of p-p (or p-p) differential elastic cross sections [20].

8 Chapter 1. Introduction
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The bottom of Fig. 1.6 shows the results for yp. The X s%% + Y s704° shape describes the
data well, though the error bars of the data points at high energies are large. This supports the
vector-meson dominance assumption.

The slope of the Pomeron trajectory has been determined to be o/ = 0.25 GeV ™2, by the p-p
(or p-p) differential cross section measurements of ISR at CERN and Tevatron at Fermilab. The
p-parameter (p = Re.4/Im.A) can also be obtained from the differential elastic cross section
at zero degrees and the total cross section. UA4/2 Collaboration at CERN gives p ~ 0.1 at
\/5 ~ 100 GeV [32, 33]. In other words, the Pomeron exchange amplitude is predominantly
imaginary, at least at around this high energy region.

So far, the physical particles on the Pomeron trajectory have not been conclusively identi-
fied. As already indicated in this section, they have the quantum numbers of the vacuum, and
that makes the detection difficult. However, the glueballs or bound states of gluons, whose
existences are predicted by QCD, are expected to lie on the Pomeron trajectory. Another con-
troversy exists about until how low energy the Pomeron picture can be applied. Also, it is
important to pin down the Pomeron behaviors at low energies, since it is universal for all the
hadronic scatterings.

1.2 What’s to be measured?

Here, we introduce physical quantities which characterize the ¢-meson photoproduction.

1.2.1 Diffractive exchange parameters 5 and (do/dt);—,,,

Differential cross section do /dt is a fundamental quantity, which depends on the beam energy
E.? and the production angle of the ¢ meson. We use Mandelstam variable ¢ to express the
production angle, instead of the polar angle cos 6., or cos #,,,. Phenomenologically, ¢-meson
production cross sections at forward angles are characterized by the following diffractive ex-
change parameters B and (do/dt);—,,,

do do
— == B(t — tmin)], 1.20
dt ( dt )t—tmm Pl B( ) ( )

where t i, denotes ¢ at zero degrees’. This forward peaking structure reflects that t-channel ex-
change processes are dominant. Here, the diffractive exchange parameters B and (do /dt);—_ ..
are the functions of F., which give important information about the ¢ photoproduction. The
t-slope factor B is related to the hadron size, and (do/dt);— . is the cross section at zero de-
grees. Figures 1.7 show the kinematic relationship of ¢ and cos 0., and the E, dependence of

tmin .

*In this thesis, E., denotes the photon beam energy in the laboratory system.
3t is negative, and ¢, is the maximum value of  at the fixed E.,. The subscript "min" represents the minimum
momentum transfer.

1.2. What’s to be measured? 9
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_3 5 111 1 i 111 1 i 111 | i 111 | i i _0 6 11| i 11| i 11 1 i 11| i 11 | i 11 1 i 11| i 11|
075 08 08 09 095 1 ®T 16 18 2_ 22 24 26 28 3
cosf,, Ey (Gev)

Fig. 1.7: t vs cos by (left) and tni, vs E, (right) for the ¢-meson photoproduction on the
proton.

The LEPS spectrometer measures ¢ mesons at forward angles (cos 8}, > 0.95), as will be
described in the next chapter 2.

1.2.2 Spin observables

Besides the cross section, spin observables give important information to pin down the pro-
duction mechanism of the ¢ meson. Experimentally, it is difficult to directly measure the spin
orientation of the ¢ meson event by event. However, the spin information is inherited by decay
products, and we can obtain the spin information, or spin-density matrix of the produced ¢
meson, by measuring its decay angular distributions.

Gottfried-Jackson, helicity and Adair frames

To define angles of the decay products, a coordinate system should be prepared. Essentially,
this is equivalent to specify the spin-quantization z-axis of the ¢ meson. Here, we introduce
three commonly used choices, Gottfried-Jackson (GJ) frame, helicity frame and Adair frame
(Fig. 1.8).

10 Chapter 1. Introduction
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overall c.m. frame @ rest frame
xc.m.

/ (p <

Y ZAd

—%%»ii—’zc.m AVAVAVAY. 2 —;
GJ
z

GJ P

Fig. 1.8: Left: The spin-quantization axes for the helicity (Hel, in green), Adair (Ad, in
red), and Gottfried-Jackson (GJ, in blue) frames, in relation to the overall c.m. frame. Right:
The spin-quantization axes for the helicity (Hel, in green), and Gottfried-Jackson (GJ, in blue)
frames, in relation to the ¢-meson rest frame. p (p) represents the incident (outgoing) proton.

GJ frame :z-axis is the direction of the incoming photon in the ¢-meson rest frame.

Helicity frame z-axis is the direction of the ¢ meson in the overall c.m. frame. This is equiv-
alent to the opposite direction of the outgoing proton in the ¢-meson rest frame.

Adair frame z-axis is the direction of the incoming photon in the overall c.m. frame.

x- and y-axes are defined in the following manner. y-axis is defined as the direction of p,, x py,
where p, and p;, are 3-momenta of the incident photon and outgoing ¢ meson, respectively.
z-axis is defined to complete an orthogonal right-handed system. Note that the zz-plane is
the production plane, and that when ¢ meson is scattered at zero degrees, the directions of the
z-axes of these three frames are the same. In this thesis, we basically use the GJ frame if the
frame is not explicitly specified.

Spin-density matrix and Decay angular distribution

The spin-density matrix is defined as follows:
p= pil") (W, (1.21)

where [¢)%) is a state vector in the spin Hilbert space, and p; is a probability to find the state [¢)*)
in the mixed states. Since the ¢ meson has spin 1, the spin-density matrix of the ¢ meson can
be represented by a 3 X 3 matrix.

In general, when the particle with spin s and spin-density matrix p decays to two particles a
and b, the angular distribution of a has the form [34]:

2 1
W(cosb,p) = i +

> D3 (00,000 Dy s, (0.6,0), (1.22)

AN Aas Ay

where 6 and ¢ denote the polar and azimuthal angles of a in the selected frame, respectively. A
and )\’ denote the spin projections of the ¢ meson, and A, denotes the helicity of a(b) (they

1.2. What’s to be measured? 11
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are all bound variables). The Wigner rotation function can be decomposed as follows [35]:

Dfn/,m<a? 67 ’Y) = eXp(_Z‘m/a)dfn’,m(ﬂ) exp(—zm’y) (123)
In the case of  — KTK~ (a = K™), we obtain:

W(cosb,p) = % (

n Impyp + Imp_1

V2

using the hermiticity of the spin-density matrix [36, 37].

Repip — Rep_1p
V2

sin 26 sin ¢ — Rep;_1 sin® @ cos 2 + Imp;_; sin? § sin 2g0) , (1.24)

P11+ p-1-1
2

sin? @ 4 pog cos? 6 — sin 26 cos ¢

Using polarized photons (and unpolarized target), the spin-density matrix of the vector meson
can be decomposed as follows [36]:

3
p(V) = 0"+ Y PIp°, (1.25)
a=1

where P is the Stokes vector’. This decomposition comes from spin-density matrix of the
incident photon p(7y), written as a linear combination of the Pauli matrices. Because the decay
angular distribution W in Eq. (1.22) is linear in p, it is decomposed as well:

3
W (cosB,p) = W (cos b, @) + Z PIW(cos 0, 0), (1.26)

a=1

where W (a = 0, 1, 2, 3) is defined by Eq. (1.24) with p replaced by p®. Using the symmetries
of the p* [36, 37]:

Pov = (=D Yp (@ =0,1), (1.27)
P = (=D (a=2,3), (1.28)

which reflect the parity conservation, W are expressed as follows’:

3 (L—pby , 3pop— 1
W(cos ), ) = yy ( 5 + 5 cos? 0 — v/2Rep!, sin 20 cos ¢ — Rep?_, sin’ 0 cos 2@) :
7r
(1.29)
3
Wl(cos,p) = yym (pi1 sin? 6 + pt, cos? 6 — V/2Repl sin 26 cos o — Rep! | sin? 6 cos 2g0> ,
7r
(1.30)
3
We(cos b, @) = yy (\@Imp% sin 20 sin ¢ + Imp$'_; sin® f sin 2g0> (v =2,3). (1.31)
7r

WY and W' differ because we use the normalization condition trp® = 1 whereas there is no
trace condition for p'. Hereafter, we will use the term "spin-density matrix element (SDME)"
to represent pg,, in Eqgs. (1.29,1.30,1.31). Note that these SDMEs are the functions of the

4The Stokes vector specifies the photon polarization. See Ref. [36] for details.
3Since p§_, (o = 0, 1) are real numbers, Rep$_; in Egs. (1.29,1.30) are often written as p§_; [36, 18]

12 Chapter 1. Introduction
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energy () and the ¢-meson polar angle (Mandelstam ¢). When the incident photon is linearly
polarized, the Stokes vector P} can be written as

(PY) = Py(—cos2®, —sin 29, 0), (1.32)

where P, is the degree of polarization of the photon beam, and ® denotes the angle between
the photon-polarization vector and ¢-meson production plane. Note that W3 in Eq. (1.26) has
meaning when the incident photon is circularly polarized (P73 # 0). Comparing to W' and W2,
W3 provides less information about exchanged particles in the ¢-channel.

Integrated one-dimensional angular distribution

With limited statistics, the following integrated one-dimensional angular distributions are use-
ful to extract the SDMEs:

W (cos ) = 3(1—=p . » 0 2
cosf) = g\ = sin 0 + poocos 0 |, (1.33)
1
W(p) = 7 (1 — 2Rep!_; cos2¢p), (1.34)
1 p1_, —Impi
W(p—®) = py 1+ QPWf cos 2 (¢ — D)] |, (1.35)
1 L+ TImp?
Wi(p+®) = o <1 +2P7% cos [2 (¢+<I>)]), (1.36)
W(®) =1— P, (2p1; + pgy) cos 2. (1.37)
The following symbols are also used:
1 2
_ pi—1 — Impy_
Ploa="— (1.38)
1 I 2
Ay = %. (1.39)

Note that 2p}; + pio in Eq. (1.37) is a beam asymmetry for the yp — ¢p reaction, which is
independent on the decay properties of the ¢ meson.

Observables expressed in terms of amplitudes

The amplitude, which corresponds to the wave function in quantum mechanics, has all the
information about the reaction, and every observable can be expressed in terms of amplitudes.
Here, we introduce how the observables are expressed in terms of amplitudes. There are several
conventions to define the amplitude, and we use the invariant amplitude / defined in Ref. [18].
The invariant amplitude / is normalized such that the differential cross section is expressed as:

do 1 9

= > Lo (1.40)
dt 64w (s mp) s

where m,, represents the proton mass. The symbol m includes the polarizations of the incoming
and the outgoing protons. A, represents the helicity of the incident photon. A and \’ are the

¢-meson spin projections. Note that / is dimensionless.

1.2. What’s to be measured? 13
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The spin-density matrix of the outgoing vector meson p(1') and that of incoming photon p(7)
are connected by the invariant amplitude [ as follows [36]:

2
p(V) = Io(I7, (1.41)
where the normalization factor N reads
N=>" ILuaxIlo.- (1.42)

m,\, Ay
Here, the photon density matrix p(y) can be written as
1
P(’Y):§<1+Pw‘0')7 (1.43)

using the Stokes vector P, and the Pauli operator o. Therefore, the four Hermitian matrices
p* (e =0,1,2,3) read explicitly [18]:

1
P =5 2 Imaa L, (1.44)
m,Ay
1
Px =75 D Imona Do (1.45)
m,Ay
i
pi)\/ = N Z )\/y_[m;)\7_)\,y.[;;>\/7)\’y, (1.46)
m,Ay
1
Pv =% PR AR AV (1.47)
m,Ay

Note that these formulae do not contain information about decay products explicitly, and de-
pend on the spin projection of the ¢ meson.

Physical meaning of the SDME

pd in Eq. (1.33) and Rep?_; in Eq. (1.34) are sensitive to the spin-flip processes. The term
"spin-flip" means that the spin projection of the ¢ meson (A\y4) differs from the helicity of the
incident photon (). If the single spin-flip amplitude is non-zero, pj), have a non-zero value,
as is shown in Eq. (1.44). On the other hand, non-zero Rep! , indicates the double spin-
flip processes [Eq. (1.44)]. In the helicity-conserving case (A, = \y), pi_; (or pj_;) reflects
contributions of natural- and unnatural-parity exchange processes in the ¢-channel. In the case
of the fully natural-parity exchange (for example, Pomeron exchange), pi , reaches +0.5,
and in the case of the fully unnatural-parity exchange such as the exchange of the pseudoscalar
meson, p;_,; becomes —0.5. Therefore, this SDME p;_; is a good indicator to know the ratio of
the natural- and unnatural-parity exchanges. Note that this "ratio" is in terms of the cross section
(~ |I]?), not in terms of the amplitude (|/|'). Figure 1.9 shows visually the decay pattern for
natural- and unnatural-parity exchanges, when the ¢ meson is emitted at zero degrees.

14 Chapter 1. Introduction
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K"
photon beam
E—

Natural parity exchange

photon beam
> K+

Fig. 1.9: Decay patterns for ¢-channel natural- and unnatural-parity exchanges. Note that these
schematics represent the case when the ¢ meson is emitted at zero degrees. The blue plane is
determined by the photon beam axis and the polarization vector of the incoming photon. If the
natural-parity exchange process is dominant, the probability of the decay plane (green) being
parallel to the blue plane becomes highest. On the other hand, if the unnatural-parity exchange
process is dominant, the probability of the decay plane (orange) being perpendicular to the blue
plane becomes highest.

1.3 Experimental Status of ¢ Photoproduction

Here, we review the previous measurements. To pin down the amplitudes near threshold,
deuteron and “He data provide valuable information in addition to the proton data.

1.3.1 Photoproduction on the proton

At forward angles, the following processes have been considered to be dominant (Fig. 1.10).

Y ¢ Y ¢
Pomeron 7', n
P pp P’

Fig. 1.10: Possible ¢-channel processes with different exchanged particles.

To first order, the Pomeron exchange process, which is the natural-parity exchange process, is

1.3. Experimental Status of ¢ Photoproduction 15
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dominant, and the unnatural-parity (7°, 1) exchange processes could have some limited contri-

butions.

LEPS 2005 and 2010 measurements

In 2005, the LEPS Collaboration measured the yp — ¢p reaction using a linearly polar-
ized photon beam in the low-energy region from threshold (E;h = 1.57 GeV) to £, =
2.37 GeV [10]. Also in 2010, precise measurements of the spin-density matrix elements with
1.7 times larger statistics was performed [38]. Figure 1.11 shows the ¢-dependence of the differ-

ential cross section do /dt. Forward peaking structures were observed, indicating the ¢-channel

dominance.
Misr< E,<167|167<E, <177 [177<E,<187 |187<E, <197 [L97<E,<207 [207<E, <217 } 217<E <227 |227<E, <237
<« t t
8 | { :
~
Sos i l { * *
N
= o l i | |
5
° { { } i {
0 L1 | I I | I | I I | | I I | I | I I | | I I |
-04 -0.2 -04 -0.2 -04 -0.2 -04 -0.2 -04 -02 -04 -0.2 -04 -0.2 -04 -02

t—t. (Gevd

Fig. 1.11: Differential cross sections for the yp — ¢p reaction in the energy range £, <
2.37 GeV [10].

Next, the contributions of the natural- and unnatural-parity exchange processes are quantita-
tively evaluated by measuring the SDMEs. Figure 1.12 shows the results of SDME measure-

ments in the energy range below F, = 2.37 GeV.
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Fig. 1.12: SDMEs for the yp — ¢p reaction in the GJ system [10, 38].

pd, and Repl_, are consistent with zero in the forward region, indicating the helicity conserva-
tion. Therefore, p}_; indicates the ratio of natural- and unnatural-parity exchanges. The value
of pj_, ~ 0.2 was observed at 2.17 < E., < 2.37 GeV, which deviates from +0.5. This obser-
vation indicates the Pomeron (natural-parity) exchange process is dominant, while there exists
about 30% pseudoscalar meson (unnatural-parity) exchange contribution in this energy region.

t-slope factor B

As shown in Fig. 1.13, the CLAS Collaboration observed that energy dependence of the ¢-
slope factor B [Eq. (1.20)] changes at around /s = 2.3 GeV, and claimed that the production

mechanism changes at around this energy [17].

T —— LEPS (2005)
R 6; V‘A CLAS (2014)
=11
+ Diffractiveregime(claimed by CLAS)
oL

1618 2 22242628 3 3
E, (GeV)

2 34 36 38

Fig. 1.13: Energy dependence of ¢-slope factor B. Data points are taken from Refs. [10, 17].

1.3. Experimental Status of ¢ Photoproduction
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1.3.2 Photoproduction on the deuteron

A deuterium target can be used for the following two purposes. First, the coherent production
(yd — ¢d) filters out the t-channel 7° exchange, since the deuteron is isoscalar and cannot
emit an isovector particle such as pion. Second, the incoherent production (yd — ¢pn) allows
us to study the ¢ photoproduction on the neutron. Because the 7-7 interference is destructive
in yn reactions while it is constructive in ~yp reactions [39], the incoherent production is useful
to disentangle the 7°, 1, and Pomeron amplitudes.

Coherent production

Figure 1.14 shows LEPS 2010 results of the SDMEs for the coherent production [38]. At
the very forward angles (t — i, > —0.05 GeV?), pgo and Rep(l)_1 are consistent with zero,
indicating the helicity conservation. The values of pi_, are about 0.45, suggesting that the
contribution from the unnatural parity exchanges is reduced. It could be understood as a result
of the forbidden 7dd coupling.

g s 0 1 — e |
0.4F Poo - Rep., 2 Py ——

|
02} I 2

0.1+ o T
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04 Apy - 20, P
0.2

[ ] | |—e— L77<E,<197Gev

0.1
0.2
-0.3
0.4

| e 197<E,<217GeV

217<E, <237 GeV

1 1 1 PERTERTERTE BETSTRTERT NSRS SN RS N
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min

Fig. 1.14: SDMEs for the vd — ¢d reaction in the GJ system [38].

Figure 1.15 shows LEPS 2008 results of energy dependence of (do/dt);—; . for the coherent
production from deuterons [40].
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Fig. 1.15: Energy dependence of (do/dt);—, . for the yd — ¢d reaction [40]. The smaller
error bars represent the range of statistical errors.

No nonmonotonic structures can be clearly seen, and the data shows monotonically increasing
energy structure within the experimental uncertainties. This measurement detected only kaons
from the ¢ mesons, and the deuterons were not detected. The number of coherent events were
counted using a missing mass distribution, and the small binding energy of the deuteron made
the coherent/incoherent disentanglement difficult and made the systematic uncertainties large.

Incoherent production

Figure 1.16 shows LEPS 2010 results of the SDMEs for the incoherent production [38, 41].
The results are similar to those of the proton data (Fig. 1.12) except of pi_,. When compared
to the proton data, the values of pi_, are slightly larger (p}_, ~ 0.25), suggesting that the
contribution from unnatural parity exchanges is reduced in the production on neutrons. It could
be interpreted as a destructive -7 interference in the ¢ photoproduction on the neutron.
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Fig. 1.16: SDME:s for the yd — ¢pn reaction in the GJ system [38].

1.3.3 Coherent photoproduction on the helium-4

The coherent v*He — ¢*He reaction filters out the ¢-channel unnatural parity (7° and 7) ex-
changes, since the *He nucleus has J© = 0% and cannot emit an unnatural-parity particle
assuming the conservation of parity and angular momentum. LEPS Collaboration has mea-
sured the ¢ photoproduction from the “He target by detecting K+ K~ pairs from the ¢ meson
decays [42]. The “He target has an advantage in studying the coherent production. Owing to
the large separation energy of the “He nucleus, the coherent production events can be cleanly
separated from the incoherent ones without detecting recoil “He nuclei, using the missing mass
distribution M M (~y, K+ K ™). Figure 1.17 shows the LEPS 2017 results of the SDMEs for the
coherent production from *He. The values of p!_, are close to +0.5, indicating the almost pure
natural-parity exchanges in the ¢-channel. To judge whether the cross section (do/dt),, . actu-
ally deviates from the monotonically increasing energy structure at around this £, bin, more
precise measurements are necessary.

20 Chapter 1. Introduction



¢ photoproduction on the proton at £, = 1.5 — 2.9 GeV

HO~

t -0 b Rep’ :
0.4 p00 5 epl—l F oAl

-015 01 005 O

0.1 E i —o— 1.985<E, <2.185GeV

2.185< E, <2385 GeV

NP B v by by L
-0.15 -0.1 -0.05 -0.15 -01 -005 O
t—t_ (GeV?)

min

Fig. 1.17: SDMEs for the v*He — ¢*He reaction in the GJ system [42].

Figure 1.18 shows the energy dependence of (do/dt),—; . for the coherent production from
*He. (do/dt)—,, increases monotonically except for the data point for 2.185 < E, <
2.285 GeV bin.
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Fig. 1.18: Energy dependence of (do/dt);—; . for the v*He — ¢*He reaction [42]. The
smaller error bars represent the range of statistical errors.
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1.4 Reaction Mechanisms for Nonmonotonic Structure

Several production mechanisms have been suggested to explain the nonmonotonic structure,
such as nucleon resonances [43, 44], interference between ¢p and K A(1520) amplitudes [45],
rescattering processes [46, 47], and additional gluonic processes [48, 49].

Kiswandhi et al. introduced nucleon resonances (J© = 3 / 2%) in the s-channel to explain the
nonmonotonic structure [43, 44]. However, this picture seems unlikely because the nonmono-
tonic structure observed by CLAS appears only at forward angles [17].

1.4.1 Interference between ¢p and KA (1520)

As shown in Fig. 1.19, yp — K+A* (or X*Y) reaction shares the same K™ K ~p final state with
the vp — ¢p reaction.

y
K+
¢
e
p p p p

Fig. 1.19: Interference effect. yp — ¢p — KK pand yp — KTA* — KK~ p reactions
share the same final state and could interfere with each other.

Therefore, these two processes could interfere with each other. Because the nonmonotonic
structure occurs close to the threshold energy of A(1520) production (E;h = 1.69 GeV), the ¢p
and KA (1520) interference could account for the nonmonotonic structure. Actually, LEPS
2010 measurement observed a similar bump structure in the yp — K TA(1520) reaction [50].
Figure 1.20 shows the LEPS 2010 results.
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Fig. 1.20: Differential cross sections for the yp — KTA(1520) reaction [50]. A bump
structure can be seen at around £, = 2 GeV.

This observation suggests that the ¢-A(1520) interference effect could possibly explain the
nonmonotonic structure of the ¢ photoproduction. In 2016, LEPS Collaboration measured the
interference effect [45]. Figure 1.21 shows the scatter plot of the invariant mass of the K™K~
versus that of the K~ p. The box region is the ¢-A(1520) interference region, and was excluded
to extract the cross section for the vp — ¢p reaction without the interference effect.

1.8

Y

> 1.7+

O
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= 1.5F
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Fig. 1.21: The scatter plot of the invariant mass of the KK~ system versus that of the K p
system [45]. The projections are shown onto each invariant mass axis.

Figure 1.22 shows the cross section results. Note that the LEPS 2005 results are obtained
without considering the interference effect.
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Fig. 1.22: Forward differential cross sections for (left) ¢ and (right) A(1520) photoproduc-
tion [45].

The result shows us that the interference effect is too small to account for the nonmonotonic
structure.

As shown in Fig. 1.19, the charged kaon K must appear in the final state of the A(1520)
photoproduction. Therefore, we can avoid the interference effect by detecting the neutral kaon
pair K§K? from the ¢ meson decay (neutral decay mode). CLAS Collaboration has measured
both the neutral and charged decay mode at 0.9 < cosf., < 0.95 [19, 17]. The results
are shown in Fig. 1.23. As for the charged mode, they performed the analysis in two ways:
including or excluding the A* cut. No significant difference between the three sets of results
are found, supporting the idea of a small interference effect.
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Fig. 1.23: Comparison of the charged- and neutral-mode do/dcos ., results in 0.9 <
cos ., < 0.95[17].
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1.4.2 Rescattering effect

In 2014, Ryu et. al. suggested that the nonmonotonic structure can be explained by taking into
account the K"A(1520) rescattering process [47]. The rescattering process is schematically
shown in Fig. 1.24.

Y ¢

A(1520)

Fig. 1.24: Diagram for the rescattering effect.

First, the incoming photon scatters on the proton and produce the meson and baryon system
such as K TA(1520). Next, the produced meson rescatters on the baryon and produce the ¢p
final state. This rescattering effect is a kind of higher order effects. However, Ryu’s calculation
suggests that the rescattering process gives a significant level of contributions at low energies
mainly because of the large coupling constants of the K NA(1520) and ¢ K K vertices. These
coupling constants have been determined from the widths of decays A(1520) — KN and
¢ — KK [51,52]. Figure 1.25 shows the calculation results of (do/dt)—,

min *
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Fig. 1.25: Calculations of (do/dt);—; . including the rescattering amplitudes [47]. Only
the dominant contributions are shown in the dashed lines. There are almost no contributions
of Pomeron exchange amplitude (green dashed line) at low energies because of an artificial
Pomeron suppression factor. See text and Ref. [47] for details.

Since it is involved to compute the rescattering amplitude explicitly, they calculated only imag-
inary parts of the rescattering amplitudes using the Cutkosky rule [see Eq. (1.7)]. Also, they
introduced an artificial Pomeron exchange suppression factor to enhance the rescattering effects
near the threshold. Since there are no measurements of the K" A(1520) — ¢p reaction, the
form factor, which accounts for loop corrections of the second scattering [KtA(1520) — ¢p],
has large uncertainties. It is determined by a fit to the experimental data for yp — ¢p reaction.

As for the angular distributions, there are some inconsistencies in the paper Ref. [47]. In Fig. 11
of Ref. [47], they claims that the calculation of p; _; = (pi_; —Imp?_,)/2 reproduces the LEPS
2005 results. However, in Fig. 12 of Ref. [47] their calculation results of p}_; and Imp?_; are
almost zero and do not reproduce the LEPS 2005 and LEPS 2010 results. Also, these results
are inconsistent with those in Fig. 11 of Ref. [47]. More careful calculations are necessary at
least for the spin-density matrix elements.

1.4.3 Other possibilities

Because little is known about the Pomeron behaviour at low energies, it is possible that the
magnitude or phase of the Pomeron exchange amplitude changes at around E, = 2 GeV. If
the Pomeron exchange amplitude at low energies has a large real-part component, it could
interfere with meson-exchange amplitudes such as 7° and 1 amplitudes. Also, the possibility
of the additional gluonic contributions near the threshold has not been ruled out.
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1.5 Aim of This Study

The LEPS 2005 measurement revealed that the (do/dt)—;  for the yp — ¢p reaction
shows the nonmonotonic energy dependence, which cannot be explained by the ¢-channel
Pomeron+7° + 1 model. The origin of the nonmonotonic structure is still unresolved. In
addition, while the simple ¢-channel Pomeron+7" + 1 model is considered to work at suffi-
ciently high energies, how low energy the model works from is still controversial. To clarify
this situation and determine the contribution of the Pomeron-exchange process, we have ex-
tended the energy range from 1.5 < £, < 24 GeV to 1.5 < E, < 2.9 GeV toward the
high energy side. This extension has been realized by changing the wavelength of laser pho-
tons for the backward Compton scattering technique (see section 2.1.1 for details). Then, we
have measured the cross section and SDME:s, fully utilizing a highly polarized photon beam
of the SPring-8/LEPS beamline. By determining the Pomeron+7" + 7 contributions using the
cross section and SDME:s at high energies, we can estimate how much the additional process is
necessary to explain the nonmonotonic structure.

As for the difference from the CLAS experiment, the acceptances are different in addition to
the polarization degree of the photon beam. The LEPS spectrometer covers forward angles
Ol < 20 degree, while the CLAS spectrometer covers larger angles 6y,, > 20 degree. To
study of the Pomeron-exchange process, it is important to measure ¢ mesons at forward angles,
and determine the differential cross section at zero degrees (do/dt);—; . with small systematic
errors. The LEPS spectrometer is the ideal spectrometer for this purpose.

In this thesis, we report the ¢-slope factor, (do/dt),~;, ., and SDMEs for the yp — ¢p reaction.
We further compare our data with several theoretical models trying to understand the reac-
tion mechanism for the nonmonotonic structure. These results are presented in the discussion
chapter.
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CHAPTER
TWO

EXPERIMENT

The experiment was carried out at SPring-8/LEPS' beamline [54] in 2007> and 2015. The
beamline provides a few GeV polarized photon beam by the backward Compton scattering
(BCS) of (deep) ultraviolet laser photons off 8 GeV electrons circulating in SPring-8 storage
ring. The photon beam, whose energy is tagged by momentum-analyzing the recoil electron,
is injected into the target material, and produced charged particles are detected by the LEPS
spectrometer. In this experiment, linearly polarized photons at £, = 1.5 —2.9 GeV are injected
into the LH, target. We detected charged kaons, which are the decay products of ¢ mesons
produced in the target, using the LEPS spectrometer. In this chapter, the experimental setup is
described.

2.1 LEPS Facility

To produce the y-ray beam, which we refer to as a ’Laser-Electron Photon’ (LEP) beam, the
LEPS beamline consists of three parts as shown in Fig. 2.1.

The laser photons are produced in the (b) laser hutch. Ultraviolet (UV) lasers for the maximum
LEP beam energy of 2.4 GeV and deep ultraviolet (DUV) lasers for the maximum LEP beam
energy of 2.9 GeV are available [56]. A polarization vector of the LEP beam is controllable by
handling the laser polarization, which can be linear, circular, or elliptical. In this work, we used
the linearly polarized DUV lasers to use the LEP beam with the maximum energy of 2.9 GeV.

The injected laser photons collide with electrons at the straight section in the storage ring, as
shown in Fig. 2.1 (a). After the head-on collision, the produced multi-GeV photon is trans-
ported to the (c) experimental hutch. On the other hand, the recoil electron is detected and
momentum-analyzed to tag the energy of the produced photon.

In this section, we describe how the photon beam is produced, and its energy is tagged.

'Laser Electron Photon at SPring-8 [53]
ZOriginally, the 2007 data were taken for the x(800) scalar meson search [55].
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8 GeV electron

Tagging
system

(a) SPring-8
SR ring

BCS photon

(c) Experimental
Hutch

Fig. 2.1: Schematic view of the LEPS facility at SPring-8. The facility consists of three parts:
(a) laser-electron collision part in the storage (SR) ring, (b) laser hutch for a laser injection,
and (c) experimental hutch. A schematic explanation of the collision between an electron and
a laser photon in backward-Compton scattering is inserted in the figure.

2.1.1 Backward Compton scattering

Here, we describe the principle of the Compton backscattering technique [57]. If a laser photon
of energy k; strikes an electron of energy E as shown in Fig. 2.2, the energy of the final photon
E, is calculated as follows:

1 — B cosb,

By =i Beosby + (ki/E)(1 — cos(6y — 62))

@2.1)

where the definitions of the angles are shown in Fig. 2.2. [ denotes the incoming electron
velocity in units of the speed of light c.

In the LEPS experiment, #; ~ 7 (rad), and the BCS photons have the maximum energy when
0> = 0. In this work, we used 257.2-nm and 266-nm lasers in 2007 and 2015, respectively. The
electron beam energy of SPring-8 is 7.975 GeV, therefore the maximum LEP beam energies
EZ* (Compton edges) are calculated to be 2.956 GeV and 2.894 GeV in 2007 and 20135, re-
spectively. Note that a 355-nm laser, which is often used in the past LEPS experiment, produces
the LEP beam with the maximum energy of 2.385 GeV.

30 Chapter 2. Experiment



¢ photoproduction on the proton at £, = 1.5 — 2.9 GeV

Fig. 2.2: Backward Compton scattering in the laboratory frame.

The differential cross section for Compton scattering in the laboratory frame is written as fol-
lows [57]:

do 21ria
— = ¢ 1 2 2.2
iE, = B (X—i— + cos® @), (2.2)
where

2

m
N R 2.3
T MIYAER 23)

(BB (1 - a)?
= (B, /By (1~ a)
E™ — E,(1+a)

coso = ) (2.5)
Emax — E.(1—a)

2.4)

re = 2.818 fm is the classical electron radius, and m,. represents the electron mass.

The degree of linear polarization () of the scattered photon is proportional to that of the laser
beam (Pase) as follows [57]:

1 —cosa)?
P’y = Plaser ( )2 .
2(x + 1+ cos? )

(2.6)

Figure 2.3 shows the F, dependence of the differential cross sections (left) and the degree of
linear polarization (right) for 266-nm (2015) and 257.2-nm (2007) lasers. The results for the
355-nm laser are also shown for reference. Note that in the case of the circularly polarized
photon, the polarization decreases with increasing F.,.
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Fig. 2.3: Left: Differential cross section for the BCS process. Right: Linear polarization of
the BCS photons as a function of £, assuming that the degree of the laser polarization Py, 18
100%.

2.1.2 Laser injection system

Figure 2.4 shows the schematic view of the laser injection system.

9 36 m R

Photodiode ) -

Collision
Mirro part / 8\ Beam line
L - Z 2 ........

Storage ring

Glan-laser prism

1. DUV laser (1-set) in 2007
(2-set) in 2015

2. Beam expander

3. M2 wave length plate

4. 4th mirror 5. 3rd mirror i
6. Prism (mirror in 2007) 4 Fo } 1
5

7.2nd mirror 8. 1st mirror 9. Monitor

CCDh

Fig. 2.4: Schematic view of the laser injection system.

Properties of the DUV lasers are summarized in Table 2.1. DUV laser photons are produced
using a frequency conversion technique. A seed green laser is sent to a nonlinear optical crystal
to double its frequency. This is called the intracavity frequency-doubling technique or second-
harmonic generation (SHG) [58, 59]. In the lasers in Table 2.1, the §-BaB,O, (BBO) crystal
is used as the nonlinear optical crystal for SHG. The output laser is almost 100% linearly
polarized.
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Table 2.1: Properties of the DUV lasers used in this work [56]. The "1/ e? diameter" is defined
as a diameter of the circular region where the beam density is higher than the 1/e? of the peak
value.

Year 2007 2015

Laser name Innova Sabre MotoFreD (Coherent Inc.) Frequad-HP (Oxide Corp.)
Wavelength 257.2 nm 266 nm
Compton edge 2.956 GeV 2.894 GeV
Emission frequency Continuous wave Continuous wave

UV output power 1W 1W

1/e? diameter 0.6-0.9 mm 3.0 mm
Divergence 0.5-0.85 mrad 0.4 mrad

Power consumption 10 kW 300 W

The laser photon travels a distance of 37 m before it collides with a 8-GeV electron. Therefore,
to enhance the collision efficiency of the laser photon with a narrow electron beam, we intro-
duced the beam expander, which once enlarges a laser diameter for making a beam waist at the
collision point. The orientation of the linear polarization was controlled by a quartz half-wave
(\/2) plate, whose diameter was 48 mm. To suppress the systematic error of the spin observ-
ables due to the acceptance difference, we used two configurations: the polarization vector of
the incident ~y ray is vertical and horizontal. The 3rd and 4th mirrors are the high-reflection
coated mirrors mounted on a set of micro-stepping motors for a remote control of horizontal
rotation and vertical elevation angles. The laser direction and position were tuned by control-
ling these two mirrors to maximize the LEP beam intensity during the data taking period. The
Ist and 2nd mirrors are the aluminum coated silicon mirrors to transfer the laser photons to the
straight section. A remotely rotatable Glan-laser prism and a photodiode were used to measure
the degree of laser polarization. The Glan-laser prism passes photons with the polarization in a
certain direction. By rotating the prism and measuring the intensity of the laser using the pho-
todiode after the prism, the orientation of the polarization vector and the degree of polarization
of the laser photons were determined. Figure 2.5 shows the intensity distribution as a function
of the rotation angle of the Glan-laser prism.
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Fig. 2.5: Laser polarization measurements. The horizontal axis is the rotation angle of the
Glan-laser prism. The vertical axis is the intensity measured by the photodiode. "Vertical"
("Horizontal") means the incident «y ray is vertically (horizontally) polarized.

2.1.3 Energy tagging system (tagger)

The BCS photon energy £, is determined by measuring the energy of the recoil electron £,/
as:
E, =FE.— B, 2.7)

where I, = 7.975 GeV is the energy of the electron circulating in the storage ring. As shown
in Fig. 2.6, the injected laser photon collides with an electron at the straight section. The
recoil electron has the lower energy than F., and slides off the track by the bending magnet
located behind the interaction region. By detecting the position of the recoil electron behind the
bending magnet, the momentum, or the energy, of the electron is determined, and the photon
energy is tagged.

Tagging counter

E,

€

Bending magnet —

Bending magnet

8-GeV ring

> Laser photon

Straight section

Fig. 2.6: Detection of the recoil electron.

Figure 2.7 shows a schematic view of the tagging system. The tagging system is placed at the
outside of a vacuum pipe of the storage ring. Due to the mechanical reason (Fig. 2.7), the recoil
electron whose energy is less than £, = 6.5 GeV can be measured. This corresponds to the
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BCS photon energy £, = 1.5 GeV, therefore, the lower limit of the tagged photon energy is
smaller than the ¢ meson production threshold E,‘Vh = 1.573 GeV.

air

Vacuum chamber wall

Scint. Fibers

vacuum
g hodoscopes

"SFF" -I-ISFB"
E,=5.1¢evV—> I
I

recoil electron

E,=6.

5 GeV
,h/> HH

X-ray shield

8-GeV circulating electron
Fig. 2.7: Schematic view of the tagging system.

The tagging system consists of one layer of the plastic scintillator hodoscope (TAG-PL) and
two layers of the scintillating fibers (TAG-SF).

The TAG-SF determines the hit position of an recoil electron track. Each fiber layer consists of
55 fiber bundles, and each fiber bundle is made of 6 fibers with the cross section of 1 x 1 mm?.
There exists 4.2% inefficient region in one fiber. The backward layer (TAG-SFB) is 0.5 mm
shifted in the x direction to cover the inefficient region of the backward layer (TAG-SFF).
We used multi-anode PMTs (HAMAMATSU R5900-00-M4, H6568-10) to read the signals
from the fiber bundles. To prevent the X -rays from firing the tagging system, the shield was
installed as shown in Fig. 2.7. In addition, to suppress the X -ray triggered events, the TAG-PL
was used. We took a coincidence of the TAG-SF and TAG-PL to generate a trigger. The plastic
scintillator hodoscope TAG-PL consists of 10 plastic scintillation counters. The size of the
plastic scintillator is 10.0 mm high, 7.4 mm wide, and 3.0 mm thick, except for the scintillator
which is closest to the storage ring. It has the width of 5.5 mm. The plastic scintillators are
arranged with an overlap of 2.7 mm. The PMT (HAMAMATSAU H3164-10) was used to read
the signal of the TAG-PL.

2.2 LEPS Spectrometer

The target in the experimental hutch is irradiated with the LEP beam (Fig. 2.1), and particles
are produced and emitted from the target. To determine the 4-momenta and production vertices
of these particles, the LEPS spectrometer, which is shown in Fig. 2.8, is used.
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Vertex detector D) Beam dump

TOF wall

Aerog

Start counter

Fig. 2.8: Schematic view of the LEPS spectrometer. In the enlarged view (top left), the start
counter, which is located between the target and aerogel Cerenkov counter, is not drawn for
clarity.

The LEPS spectrometer covers the forward region, and can detect charged particles produced
at forward angles. The angular coverage of the LEPS spectrometer is about +0.4 and £0.2 rad
in the horizontal and vertical directions, respectively. For the momentum analysis, the charged
particle is bent by the dipole magnet, and the trajectory is measured using the tracking devices.
As for the tracking devices, the silicon strip vertex detector (SVTX, or SSD) and three drift
chambers (DC1, DC2, and DC3) are mainly used’. SVTX and DC1 are located at the upstream
of the dipole magnet, and DC2 and DC3 are located at the downstream, as shown in Fig. 2.8.

For the particle identification, time-of-fight (TOF) information is obtained by the TOF wall.
There are other detectors such as the start counter to make a trigger for data acquisition system,
and silica-aerogel Cerenkov counter to remove high-momentum pions and leptons. In this
section, we describe the details of components of the LEPS spectrometer.

2.2.1 Upstream-veto counter

Some BCS photons convert to ete™ pairs before reaching the target, due to the materials in the
beamline, such as air, Al windows of the beam pipe, and X -ray absorber (lead). These conver-

3TOF wall is also used as a tracking device when the particle passes through DC2 and TOF wall, and does not
pass through DC3.
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sion events are removed at the trigger level, using an upstream-veto counter. The upstream-veto
counter (UPveto) is installed at 4 m upstream of the target. Figure 2.9 shows the drawing of
the upstream-veto counter. This counter is made of a plastic scintillator with a size of 200 mm
high, 190 mm wide and 5 mm thick. A 2-inch fine-mesh PMT (HAMAMATSU H7195) is

coupled to the plastic scintillator through a light guide.

190 mm

5 mm thi¢kness

200 mm

scintillator
light guide 130 mm
060 mm
\ I 50 mm

" PMT

Fig. 2.9: Front view of the upstream-veto counter.

2.2.2 LH, target

In this work, a 15-cm-long LH, target was used for the measurement of yp — ¢p reaction.
Figure 2.10 shows a schematic view of the target cell.

150mm

Hole for temperature Sensor

//
©] =

Kapton Film Kapton Film
g = ¥
"g Body §'
= E
Front View Side View Rear View

Fig. 2.10: Schematic view of the target cell.
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The target cell was made of copper with a thickness of 8 mm, and the volume of the cell was
660 cm?®. The entrance and exit windows were made of kapton films with a thickness of 125 ym.
The target cell was designed to be a trapezoid shape in order to reduce the probability that the
produced particle hits the wall of the cell.

2.2.3 Start counter

The start counter is located at 15 cm downstream from the target center to make a trigger for
the data acquisition system when charged particles from the target pass through the counter. In
2007 and 2015 data taking periods, we used different start counters.

Figure 2.11 shows the start counter (or the trigger counter, TRG) used in 2007.

Fig. 2.11: The start counter in 2007.

It was a 5-mm-thick plastic scintillator with 94 mm high and 150 mm wide. Two 2-inch-
diameter fine-mesh PMTs (HAMAMATSU H6614-01) were coupled to the top and bottom
sides of the plastic scintillator through light guides with a thickness of 15 mm.

Since 2013, the large-area start counter (SC), which consists of two plastic scintillation coun-
ters, is used for the study of the pentaquark ©F [60]. Each plastic scintillator counter is 172 mm
high, 600 mm wide and 10 mm thick.

2.2.4 Silica-aerogel Cerenkov counter

In 2015 data taking period, a silica-aerogel Cerenkov counter (AC) with refractive index 1.008
was installed at 21 cm downstream from the target center to reject ete™ pair (and high-
momentum pion) creation events at the trigger level, while no Cerenkov counters were used
in 2007. Figure 2.12 shows the schematic view of the AC. Two sheets of silica-aerogel radi-
ators were inserted into the black paper box. To collect the Cerenkov lights, four fine-mesh
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PMT (HAMAMATSU H6614-01) were coupled to the top and bottom sides of the box. Each
radiator is 110 mm high, 110 mm wide and 25 mm thick.

Fig. 2.12: Schematic view of the silica-aerogel Cerenkov counter.

Figure 2.13 shows the threshold momentum for the emission of Cerenkov lights as a function of
the refractive index. The thresholds with the refractive index 1.03 are also shown for reference,
since it had been used in the previous LEPS experiment. The momentum of the hadron is less
than 3 GeV/c in the LEPS experiment (see Fig. 3.2), therefore no kaon or proton events were
removed by the AC veto signal.
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Fig. 2.13: Threshold momentum vs refractive index for proton, charged kaons, charged pions,
and electrons (positrons). In this work, a Cerenkov counter with refractive index of 1.008 is
used in 2015, while that with index of 1.03 was used in the previous LEPS experiment.
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2.2.5 Silicon strip vertex detector (SVTX)

A silicon strip vertex detector (SVTX) was used to determine a trajectory of a charged particle
together with drift chambers. By using the SVTX, the vertex position can be determined with
high precision. The SVTX was placed downstream of the AC. Figure 2.14 shows the front view
of the SVTX.

63.10 mm

Hole 10 mm x 10 mm

\ A

AN

114.08 mm

>

61.32 mm

242.32 mm

Fig. 2.14: Front view of the SVTX.

The SVTX consists of two layers of silicon strip detectors (SSD’s). One of layers is used for
the z-position measurement and the other is for the y-position measurement. The strip pitch
is 0.12 mm and the thickness is 0.3 mm. The SVTX has a rhombic-shaped hole for the beam
path which is 10 mm x 10 mm in size. VLSI chips (VA) [61] were used for the data readout.
Silicon strips and the VA chip are mounted on a printed circuit board (hybrid board). The
hybrid board was connected to a repeater card which contains level converters for logic signals,
buffer amplifiers for analog output signals, and adjustable bias supplier for the VA chip. The
VA chip is controlled by a VME board. Analog signals from the VA chip were sent to a flash
ADC module through the repeater card. The analog signal from the silicon strip was read out
only when the trigger signal was generated.

2.2.6 Drift chambers

We used three multi-wire drift chambers (DC1, DC2, DC3) for the track reconstruction, in
addition to the SVTX. The DC1 was located between the SVTX and the dipole magnet (see
Fig. 2.16), having the active area of 600 mm x 300 mm. The DC2, which has an active area
of 2000 mm x 800 mm, was located behind the magnet. The DC3 is the same chamber as
the DC2, and was located just behind the DC2. Each drift chamber has sense wires in three
different directions (X, U, V). The X wires are vertically strained to measure the x coordinate.
For the DC1, the U (V') wires are at an angle of +45° (—45°) relative to the X wires. For the
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DC2, the U (V') wires are at an angle of +30° (—30°) relative to the X wires. The DC1 has
six layers of sensitive wire planes of a configuration of X-X'-U-U’-V-X". The DC2 (DC3)
has five layers of sensitive wire planes, and the configuration is X-X'-U-U’-V. Figure 2.15
shows a schematic drawing of sense, field, and shield wires of DC1. Sense wires of each plane
in DC1 are positioned with a 12 mm spacing, while those in DC2 and DC3 are positioned with
a 20 mm spacing. The sense wires are surrounded by field wires arranged with a honeycomb
shape. Shield wires are installed outside the field wires in order to arrange the electric field.

Beam direction

Shield wire

U-U' Yox Field wire

Sense wire

Fig. 2.15: Schematic drawing of the wire configuration of the drift chambers DC1. DC2 and
DC3 have no X" planes.

All the sense wires are made of gold-plated tungsten (Au-W). The wire diameters are 25 and
30 pum for DC1 and DC2 (DC3), respectively. The field and shield wires are made of Au-BeCu
with a diameter of 100 ym. The windows are made of mylar with a thickness of 125 ym. The
design parameters of the DC’s are shown in Table 2.2. The gas mixture used to operate the
DC’s was 70% argon and 30% isobutane. The spatial resolution of the DC’s was found to be
approximately 200 pm. The efficiency for each plane was more than 98%.
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Table 2.2: Design parameters of the DC’s. The orientation is the inclination angle of the wires
with respect to the vertical direction. The origin of the location z is the center of the dipole
magnet.

Plane Orientation #sense wires Wire spacing  Active area  Location

(mm) x X y (mm?) z (mm)
DC1 X-X' 0° 48 x 2 12-12 600 x 300 —466.0
U-U' +45° 48 x 2 12-12
% —45° 48 12
X" 0° 48 12
DC2 X-X' 0° 104 x 2 20-20 2000 x 800 860.5
U-U' +30° 78 x 2 20-20
V —30° 79 20
DC3 X-X' 0° 104 x 2 20-20 2000 x 800 1260.5
U-U’ +30° 78 X 2 20-20
V —30° 79 20

2.2.7 Dipole magnet

A dipole magnet was used as a momentum analyzer by bending charged particles. The magnet
is located at the center of the spectrometer. The magnet has an aperture with 55 cm high and
135 cm wide. The length of the pole along the beam is 60 cm. The 800 A current was applied
in order to set the strength of the magnetic field to be 0.7 T at the center. Figure 2.16 shows the
y-component of the magnetic field (B,) as a function of the z-position at x = 0 and y = 0 in
2015. TOSCA simulation program was used to obtain the distribution.

Magnetic field B, (T)

0
Z (mm)

Fig. 2.16: Magnetic field B, vs z-position at x = 0 and y = 0 (2015). The position of z = 0
corresponds to the center of the dipole magnet. In the 2007 data-taking period, the orientation
of the magnetic field was opposite.

In 2007, the orientation of the magnetic field was opposite from that in 2015. The magnetic
field was measured with a hole probe and the measured distribution was compared with the
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TOSCA result. Because they show a good agreement, we used the TOSCA result in the tracking
analysis.

2.2.8 Downstream ¢"¢~ veto counter

To reject eTe™ pair creation events at the trigger level, the downstream e*e~ veto counter
(EEveto) was installed just behind of the DC3 as shown in Fig. 2.17.

Dipole magnet Y

X
Z TOF wall  [By
z A

+ -
Downstream e ' e

{ZA veto counter

Fig. 2.17: Rear top view of the LEPS spectrometer.

Figure 2.18 shows a schematic view of EEveto counter. It is a 185-mm-long plastic scintillator.
The height is 40 mm and the thickness is 20 mm. For the photon beam path, there is a 50 X
20 mm? hole in the center.
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= : =
40 mm
\ >
=

185 mm

Beam hole: 50 x 20 mm?

Top view /
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Fig. 2.18: Schematic view of the downstream e e~ veto counter (EEveto).

2.2.9 TOF wall

For the particle identification, the time-of-flight of the produced charged particle was measured
by a TOF wall. It was placed downstream of the DC3 and determined the angular coverage of
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the LEPS spectrometer. The center of the TOF wall is z = 3151.5 mm, where the origin z = 0
is the center of the dipole magnet. The schematic view of the TOF wall is shown in Fig. 2.19.

TOp view Light guide

200 cm

12 cm

§

Front view

PMT —>

Fig. 2.19: TOF wall.

TOF wall consists of 40 plastic scintillator bars (BC-408). The size of the scintillator bar is
2000 mm long, 120 mm wide, and 40 mm thick. Two 2-inch-diameter PMTs (HAMAMATSU
H7195) are coupled to the top and bottom sides of the scintillator bar through light guides with
a thickness of 30 mm. Each bar is overlapped with adjacent bars by 1 cm. Sideway bars were
aligned in the planes tilted by +15° as shown in the top view of Fig. 2.19. There exists a gap
of 40 mm between the central two scintillator bars to avoid being directly irradiated with the
photon beam.

2.2.10 RF signal

At SPring-8, the 508.579343 MHz radio frequency (RF) system is used to accelerate an electron
beam. Therefore the electrons in the storage ring has a bunch structure, whose time interval
of the successive bunches is 1.966 nsec. The RF signal was used to precisely determine the
event start timing for the time-of-flight measurement. Figure 2.20 shows the circuit diagram
for the RF signal readout. First, the RF signals were prescaled with a factor 1/87 using 17K32
508-MHz 30 bit counters made by DIGITAL LABORATORY. Two output signals were read
with the 25 psec high resolution TDC (FASTBUS TDC 1875A). Next, one of the signals was
delayed by 86 nsec relative to the other signal so that either signal can be captured (i.e. the
signal comes in the time window of the TDC module) without fail. One signal was again
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prescaled with a factor of 1/28 and was divided into three output signals. These three signals
were read by the 0.5 nsec low resolution TDC (FASTBUS TDC 1877S) to study the accidental
rate of the tagging system. One of the output signal was delayed by 1.8 psec and another one
was delayed by 3.6 usec as shown in Fig. 2.20.

RF signal

Prescaler  1/87

I
Prescaler /28

86 nsec

000,

TDC1875A TDC1877S

Use as a Start timing

Fig. 2.20: Circuit diagram for the RF signal readout.

2.3 Data Acquisition System

In this section, the readout electronics for the LEPS detector and the trigger system are de-
scribed [62, 63].

2.3.1 Electronics

Table 2.3 shows the digitizers used in this work to read out the signals from the LEPS detec-
tors. We used two types of the analog-to-digital converter (ADC) modules to record the pulse
height information. LeCroy FERA (Fast Encoding and Readout ADC) 4300B modules were
used for TAG-PL, UPVeto, SC, AC, EEveto, and TOF counters. For the SVTX, flash ADC
modules were used in the VME system. Timing information was recorded using two types
of the time-to-digital converter (TDC) modules. The 25 psec high resolution TDC modules
(FASTBUS 1875A) were used to readout the signals from the tagging counter, UPveto, start
counter, silica-aerogel Cerenkov counter, EEveto, and TOF counter. The electron drift time of
the drift chambers were digitized using the 0.5 nsec low resolution TDC modules (FASTBUS
1877S).
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Table 2.3: Digitizers for each detector.

Detector ADC TDC Used as a trigger detector
TAG-PL FERA FASTBUS 1875A/1877S TAG
TAG-SF FASTBUS 1877S TAG
UPveto FERA FASTBUS 1875A UPveto
SC FERA FASTBUS 1875A SC

AC FERA FASTBUS 1875A AC
SVTX Flash ADC

DC’s FASTBUS 1877S

EEveto FERA FASTBUS 1875A EEveto
TOF FERA FASTBUS 1875A TOF (M > 1)
RF FASTBUS 1875A/1877S

2.3.2 Trigger

The trigger signal was generated from the tagging system (TAG), upstream veto counter (UP-
veto), start counter (SC), silica-aerogel Cerenkov counter (AC), downstream e*e~ counter
(EEveto), and TOF wall (TOF). In 2007, AC was not installed. The trigger conditions are
listed below.

2015 TAG ® UPveto ® SC ® AC ® EEveto ® TOF(M > 1)
2007 TAG ® UPveto ® SC ® EEveto ® TOF(M > 1)

Details of the trigger logic for each detector are described below.

TAG In the tagging system, OR signals of the TAG-PL and OR signals of TAG-SF were made.
Then, the AND signal of them were used in the trigger logic.

UPveto A logic signal from the upstream veto counter was used as a veto signal. The width of
the veto signal was set to 50 nsec.

SC For each plastic counter, AND signals of the PMTs on both sides were made. Then, the
OR signal of the two AND signals from the both scintillators were used in the trigger
logic. It supplied the common start and stop for TDCs. The width of the coincidence
signal was set to 25 nsec.

AC The OR signal of the four PMTs was used to make a veto signal for a trigger logic. The
width of the veto signal was set to 50 nsec.

EEveto The OR signal of the PMTs on both sides were used in the trigger logic.

TOF In the TOF system, the mean timing of the logic signals from the two PMTs of a TOF
counter was generated by a mean timer module (CAMAC C561). The signal from the
mean timer module was read by the majority logic unit module 4532 (CAMAC). The
signal which satisfy the multiplicity M > 1 was used in the trigger logic.

Figure 2.21 shows the logic circuit diagram.
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Fig. 2.21: Diagram of the readout circuits for triggers.
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2.4 Data Summary

In this work, we use the data sets taken in 2015 and 2007. The differences of the detector (and
laser) setups of the two data sets are summarized below.

Laser In 2007, the laser wave length was 257.2 nm (Compton edge: 2.956 GeV). In 2015, the
laser wave length was 266 nm (Compton edge: 2.894 GeV).

SC In 2007, one small plastic scintillator counter was used as a start counter. In 2015, two
large plastic scintillator counters were used.

Dipole magnet In 2007 and 2015, directions of the magnetic field B were opposite.
AC No ACs were used in 2007. The AC with index n = 1.008 was used in 2015.

The number of photons on the target is summarized in Table 2.4. The tagger dead time correc-
tion factor, transmission efficiency (0.526) and DAQ efficiency are considered.

Table 2.4: Number of photons on the target for each data set.

Year Polarization  Laser SC B AC # photons on the target

2015  vertical 266 nm  large SC —y n = 1.008 3.097 x 101
horizontal 2.766 x 10!

2007 vertical 257.2nm small SC +y  no ACs 1.082 x 10!
horizontal 1.103 x 10"
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THREE

DATA ANALYSIS

The purpose of the data analysis is to obtain the cross section and SDMEs. Roughly speaking,
the cross section is calculated using the acceptance-corrected ¢-meson yield, the number of
photons, and the number of target protons per unit area. SDMEs are calculated using only the
acceptance-corrected ¢-meson yield and the degree of polarization of the photon beam P,.

The differential cross section do/dt, which is a function of the photon energy £, and the
Mandelstam variable ¢, is calculated as follows. First, £, and ¢ are divided into several bins,
and for each £, and ¢ bin, the following Ao is calculated:

Ao — Ny _ Yy k+k- /A/ntag.ana./nDAQ/BrKJrK*7 3.1)
ny X Ntarget Ntag. X Wy X T x Ntarget
where the meanings of the variables are listed below.
Ny Number of ¢ mesons produced at the target during the data-taking period.
N, Number of photons injected into the target during the data-taking period.
Niarget Number of target protons per unit area.
Y4 k+x- | Number of ¢ — K+ K~ events reconstructed by the LEPS spectrometer.
A Acceptance of the LEPS spectrometer.
Thag.ana. Tagger analysis efficiency (0.969).
7DAQ DAQ (trigger) efficiency.
Bry+x- Branching fraction of ¢ — K+ K~ decay (0.489).
Nig. Number of recoil BCS electrons counted by the tagger (dead-time corrected).
Wy Photon fraction of the £, bin.
T Transmission efficiency (0.526).

Here, the transmission efficiency 7' is the probability that a BCS photon travels from the colli-
sion point to the target without conversion to the e™e™ pair in materials.

Next, by dividing the Ao by ¢ bin size At, we obtain the differential cross section do /dt. On
the other hand, the SDMEs are determined only by Y, x+x-, A, and P,. Note that 1 ana.,
NpAQ> B+ i, Ny, and 1" do not depend on £, or ¢ bins. w,, depends only on the E, bin, and
other variables (Y, i+~ and A) depend on both the £, and ¢ bins'.

In this chapter, data analysis method to extract the variables in Eq. (3.1) is described.

'Furthermore, the yield Y, . x+ k- and acceptance A depend on the angular bin, when calculating the decay
angular distributions.
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3.1 Four Momentum Reconstruction

Track reconstruction for momentum analysis, vertexing, and particle mass reconstruction (par-
ticle identification) using time-of-flight information are described in this section. These analy-
ses are conducted by the analysis code LEP Sana, which is developed by the LEPS Collabora-
tion.

3.1.1 Track reconstruction

The 3-momentum of a track is reconstructed from the hit positions of the tracking devices. The
particle trajectory is reconstructed by solving the equation of motion in the magnetic field using
Runge-Kutta method.

First, to find track candidates, straight line fittings are performed at an upstream and down-
stream of the dipole magnet separately. The hit position information of the SVTX and DCI1 is
used for the upstream fitting, and that of the DC2 and DC3 is used for the downstream fitting.
After that, consistency of the upstream and downstream straight tracks is checked by using
the cross point. Next, the track fitting considering the magnetic field is carried out using the
Runge-Kutta method. In this fitting process, Kalman filtering algorithm is applied to take into
account multiple scatterings [64].

The momentum resolution is momentum-dependent, and can be phenomenologically

parametrized as follows: ,
o a?
<?”> - ﬁ—; + p?as, (3.2)
where p is the momentum, and /3 is the velocity of the particle. The first term originates from
the multiple scattering effect. The multiple scattering term is dominant when the particle has
low momentum. The second term is the contribution from the resolution of the LEPS spec-
trometer. In the high momentum region, this term becomes dominant. Note that the parameter
a; is dimensionless, and ay has a unit of GeV 2. This parametrization is used to construct
momentum-dependent mass boundaries for the particle identification, which is described in the
following subsection.

3.1.2 Particle identification

RF selection

Time of flight is measured for the particle identification. The stop time is determined by the
TOF counter, and we use the RF signal to determine the start time. The timing resolution of
the RF signal is 12 psec, and can be ignored compared with other detectors’ timing resolutions
such as the TOF wall and SC. As described in section 2.2.10, the RF signals were prescaled
with a factor 1/87, and the recorded RF signal timing does not necessarily corresponds to the
timing of the electron bunch in which the BCS photon is generated. That is, the RF signal
timing has 1.966 X n nsec ambiguity when determining the start time (the BCS photon timing),
where 1.966 nsec is the time interval of the successive electron bunches and n is an integer.
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To resolve the ambiguity, we use the timing of the SC. Figure 3.1 shows the time difference
between the RF signal and SC. The electron bunch structure with 1.966 nsec intervals is clearly
seen. We shifted the RF signal timing by 1.966 x n nsec so that the RF — SC distribution
shows only one peak. We call this procedure the "RF selection". As shown in Fig. 3.1, the
peaks are not perfectly separated and some events are classified in the neighboring peak. These
"mis-selected" events cause the particle misidentification, whose fraction is less than 1%.

B 78 ch = 1.966 ns

| |/

g
|

g

Counts/ TDC channel

| I | | ‘ 1| 1| 11 ‘ | | 11 1| | I
1100 1200 1300 1400 1500 1600 1700 1800 1900

RF — SC (TDC channel)

Fig. 3.1: Time difference between the RF signal and SC. The widths of the peaks are deter-
mined by the timing resolution of SC. Note that the resolution of the TDC (FASTBUS 1875A)
1s 25 psec.

Mass reconstruction
The particle mass m is obtained by measuring the time of flight At as follows:

2
(5 -], 33

where the momentum p and path length L are obtained from the track reconstruction. By
differentiating Eq. (3.3),

m? = p?

dA) o, L

is obtained. The third term is negligible compared with the other terms. Therefore, the resolu-
tion of mass squared can be written as:

2
2 gt (2 2 22 (2t
02, = dm (p) +A(p? + m?) (At) 3.5)

Using Eq. (3.2), the mass resolution can be parametrized as follows:

d
d(m?) = 2m2?p +2(p* + m?)

m2 C 2
02, =4m! (1 + p_Q) a? + 4m*p*a3 + 4p*(p* +m?) (ZCL3> : (3.6)
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where a3 = oy, and has a unit of time. The parameters were obtained by MC simulation to be
a; = 0.00458, as = 0.00323 GeV 2, and a3 = 0.175 nsec. As for the path length L, we use the
typical value L = 4100 mm. This momentum-dependent mass resolution is used to construct
particle identification (PID) boundaries, which are shown later in Fig. 3.3.

Figure 3.2 shows the scatter plot of the momentum vs reconstructed mass/charge. The particle
loci are separately seen.

2.5
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momentum (GeV/c)
IIII|IIII|IIIITIIII|IIII|IIII

03 1 1.5
mass/charge (GeV/c?)

|

|
e
Lh
=

Fig. 3.2: Momentum vs reconstructed mass/charge. Pions, kaons, and protons are seen. The
inclined lines are due to the RF mis-selection. See text for details.

The inclined lines are due to the mis-selection of the RF signals. Because the time of flight At
can be written as

2
At =Ly/1+ (M) , (3.7)
p

using the particle nominal mass M yominag- Therefore, from Eq. (3.3) the reconstructed mass m
becomes as follows when a neighboring RF bunch is selected:

2
2
Ly/1+ <m) + 1.966 nsec
2 2 P
m -1

=p 7 : (3.8)

where 1.966 nsec is the RF bunch interval. Eq. (3.8) is drawn in Fig. 3.2 as dashed green lines.
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3.1.3 Energy loss correction

The particle loses a part of its energy in matter. For the energy loss correction, we use the
following phenomenological paramaterization of the energy loss dF /dx:
dFE C1
= _ 1 3.9
dl‘ /802 ) ( )

where [ is the velocity of the particle. The parameters ¢; and ¢, depend on the material, and
are listed in Table 3.1.

Table 3.1: Parameters for the energy loss correction.

Material c1 Co

LH, 0.0251 1.75
SC 0.182 1.70
AC 0.194 1.68
SSD 0.342 1.64
Air 0.000195 1.69

The 3-momentum of the particle is corrected using Eq. (3.9). The correction factor depends on
the velocity and scattering angle of the particle, and typically, the corrected momentum is 0.6%
larger than before correction.

3.2 Event Selection

After the track reconstruction, the yp — KK~ p events were selected by applying several
cuts on the reconstructed kinematic variables. Note that these events are dominated by the
vp — ¢p — KT K~ preactions. Here, we describe the cut-flow in this analysis.

3.2.1 Kaon identification

In this work, we used the events in which K and K~ were detected by the LEPS spectrom-
eter, and the recoil proton in the final state is identified using the missing mass distribution.
Figure 3.3 shows the kaon identification.
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Fig. 3.3: Kaon identification. Two track events with opposite charge whose reconstructed
masses are in the range of [0.2,0.8] GeV/c? (rough kaon selection) are plotted. The red bound-
ary is the 40 boundary. See text for details.

We used the momentum-dependent PID boundaries in low momentum region. The bound-
aries correspond to the 40,,2 mass resolution. In high momentum region, the constant values
v0.15 GeV/c? and v/0.55 GeV/c? were used to separate kaons from pions and protons, re-
spectively. The momentum of the kaon from ¢ decay is not large (< 1.6 GeV/c) due to the
small decay () value (= 32.1 MeV), so /K separation power is good enough even when we
use the loose PID cut (Fig. 3.3).

3.2.2 Vertexing

To select events in which the ¢ meson was produced at the LH; target, we used the vertex of
K" and K~ tracks, which was obtained by calculating the closest point between the K and
K~ tracks. The reconstructed vertices are shown in Fig. 3.4.
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Fig. 3.4: The z-coordinate distribution of the reconstructed vertices. The LH, target is sep-
arately seen in the black histogram (double track). The red arrows indicate the cut points to
select the target.

The black histogram is the z-coordinate distribution of the vertices of the Kt and K~ tracks
(double track). For reference, the single track vertex distribution, which was determined by
K™ track and beam axis (z-axis), is also shown (green histogram). In this analysis, we use the
double track events, therefore the vertex resolution is good enough to separate the LH, target
from other materials such as the start counter and the vacuum window (z ~ —900 mm). To
select the target, we applied —1100 < vertex-z < —910 mm cut as shown in Fig. 3.4 (red
arrows).

3.2.3 Good track selection

Next, the tracking quality is checked. We use the y? probability to test the goodness of track
fitting. To consider tracks with different degrees of freedom together, x? value of the track
fitting with n degrees of freedom is converted to the y? probability as follows:

P(xin) = / " fein)da, (3.10)
X2

where f(x;n) is the probability density function of the chi-square distribution with n degrees
of freedom. Here, the number of degree n is the number of position measurements used for
the track reconstruction minus the number of track parameters 5. The P(x?;n) means the
probability that a random variable, which follows the chi-square distribution with n degrees of
freedom, is greater than the actual observed y? value. If the random variable y? follows the
chi-square distribution [ f(z;n)], the converted random variable P(x?;n) follows the uniform
distribution between 0 and 1. Figure 3.5 shows an observed P(x?;n) distribution of K+ and
K~ tracks.
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Fig. 3.5: P(x?; n) distribution.

Because the hit positions for each tracking plane are not independent, the P(x?; n) distribution
deviates from the flat distribution. P(x?;n) > 0.02 cut was used to select the good track events.

Also, the number of outliers can be used to evaluate the tracking quality. If a hit position of
the tracking plane is largely deviated from the predicted position by the track, it is regarded as
an outlier and removed from tracking. The number of outliers is required to be less than 7 to
select good quality tracks.

3.2.4 Decay in flight

The lifetime of the charged kaon is ¢7 = 3.7114 m, and the typical 1-GeV /c kaon decays with
the mean flight length c¢75y = ¢7 x (1 GeV/0.493677 GeV) = 7.5 m. Since the distance
between the target and the TOF wall is about 4 m, some kaons decay before reaching the TOF
wall. To reduce tracking errors due to these decays in flight, the hit position of TOF wall was
checked whether it is consistent with the extrapolated position of the reconstructed track. If
not consistent, the particle is considered to decay and change the direction of motion before
reaching the TOF wall. Such events are rejected.

TOF-z consistency

The TOF slat, which was predicted to be fired by the tracking analysis, and the adjacent slats
were checked whether they were actually fired or not. If none of them were fired, the event was
removed. Note that the slat width, which determines the TOF-x resolution, is 120 mm.

TOF-y consistency

The TOF slat is 200-cm-long in the vertical direction as shown in Fig. 2.19, and the propagation
length of the scintillation light between the particle hit position and the PMT depends on the
y-coordinate of the track. Therefore, the y position of the fired TOF slat can be obtained using
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the time difference between the top and bottom PMTs. Let vy be an extrapolated y position by
the tracking analysis, and yror be a measured y position by the TOF slat. |yix — yror| < 80 mm
(3.60) cut was applied to remove the decay-in-flight events.

3.2.5 Tagger analysis

The position of the recoil electron was reconstructed using the tagging counter to determine
the BCS photon energy £.,. The fired fibers of TAG-SF were clustered and the center of the
cluster was used as a reconstructed position of the recoil electron. When more than one track
were reconstructed, the hit timing for each track was checked to choose the track corresponding
to the BCS photon which generated the trigger. If two reconstructed tracks both satisfied the
timing selection cut, the event was removed. The reconstruction efficiency (or the tagger anal-
ysis efficiency) 7ug ana. Which is the survival ratio of the tagger analysis was determined in the
following way. First, high momentum (> 2.0 GeV/c) proton sample was selected using LEPS
spectrometer to remove events in which the low energy photon (£, < 1.5 GeV) generated the
trigger. Note that the low energy photon was injected into the target, but its energy cannot be
determined using the tagging system due to the mechanical reason (see 2.1.3). Next, the num-
ber of events which pass the tagger analysis was divided by the sample size. The efficiency was
determined to be 7ag ana. = 0.969.

Photon energy determination

The correspondence between the reconstructed position and £, was determined so that the A
peak of the missing mass distribution from the yp — K* X reaction [M M (v, K*)] comes to
the nominal value m, = 1.115683 GeV/c?. Figure 3.6 shows the MM (v, K) distribution.
The A and XY peaks are seen on the background due to K /7" misidentification.

The background distribution (green dashed histogram) is calculated in the following manner.
1. Prepare 7" and K samples.

2. Apply the MM (v, K*) < 1.0 GeV/c? cut to both samples’. Note that the updated K+
sample contains only 7+s which are misidentified as K s since the missing mass of the
K cannot be smaller than the A mass (Fig. 3.6).

3. Divide the samples into several momentum bins.
4. Calculate the ratio # K /#n* (K /7" misidentification rate) for each bin®.

5. Calculate MM (v, KT) for each event in the n" sample before applying the
MM (y,K*) < 1.0 GeV/c?* cut, using the momentum-dependent K /7" misidenti-
fication rate as a weighting factor.

The misidentification rate is determined by the tracking devices and TOF wall, and we calcu-
lated the rate as a function of the momentum. Figure 3.7 shows the momentum dependence of
the misidentification rate.

2As for + sample, calculate M M (y, K*) assuming the particle is KT, i.e. use the kaon mass.
3Since the 7+ sample is dominated by the real 7, this ratio can be regarded as the probability that the real
7T is classified as a K.
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Fig. 3.6: M M(vy, K*) distribution (black). The peak structure around 0.88 GeV/c? comes
from yp — m"n reaction in which 7" is misidentified as K. The green dashed histogram
represents the background due to K /7" misidentification. The red histogram represents the
background subtracted M M (v, KT) distribution.
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Fig. 3.7: Momentum dependence of the K /7" misidentification rate.

Then, we obtained the background subtracted M M (+, K) distribution as shown in Fig. 3.6,
which can be used to determine the TAG-SF channel- £, correspondence.

Assuming the yp — KT A reaction, the photon energy can be predicted using the reconstructed
variables obtained without the tagging system as follows:

2 _ 02
my —m,

2(my, — Ex +pj)

pred. _ m%( +2myEg
I8

, (3.11)
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where mx represents the mass of the particle X (X = A, p, K), E is the total energy of K,
and p3. is the z-component of the K+ momentum. Figure 3.8 shows the predicted energy Esred'
vs TAG-SFF (TAG-SFB) channel.

PRI PRI BT P PRI TR R I
0 10 20 30 40 50 0 10 20 30 40 50
TAG-SFF channel TAG-SFB channel

Fig. 3.8: Esred' vs TAG-SFF (TAG-SFB) channel. The solid curves represent the fitting results
(spline functions of degree 2 with one knot). See text for details.

The data points are fitted to by a spline function of degree 2 with one knot. The function is of
class C'! and has five free parameters. Using these functions, the reconstructed hit position was
converted to the photon energy E,.

Missing mass [M M (v, K+ K~)] analysis

To select yp — K™K p events, a missing mass distribution for p(v, K K~)X reaction
[MM (v, KTK~)] was used. Figure 3.9 shows the MM (v, K*K~) distribution. A clear
proton peak is seen. In higher mass region at around 1.2 GeV /c?, events with additional pions
(for example, yp — mK K N reactions) are seen. These background events were removed by
applying 0.85 < MM (v, K*K~) < 1.00 GeV/c? cut, and yp — KK ~p reactions were
cleanly selected.
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Fig. 3.9: Missing mass distribution for the p(v, Kt K~)X reaction. The red arrows indicate
the cut points.

3.2.6 Cut-flow summary

The applied cuts are summarized as follows.

Kaon identification
K*K~ PID 40 PID boundary
Vertexing
LH, target selection ~ Vertex-z € [—1100, —910] mm for 2015 data
Vertex-z € [—1060, —863] mm for 2007 data
Vertex-x, y cut |Vertex-z| < 30 mm A [Vertex-y| < 30 mm
Good track selection
P(x?* n) of the tracking P (x?*;n) > 0.02

#outliers cut #outliers< 7
Decay in flight
TOF z-consistency Predicted TOF slat or the adjacent slats was fired.
TOF y-consistency |Yuk — yror| < 80 mm

Tagger analysis
Track reconstruction ~ One on-timing track was reconstructed.
Missing mass cut 0.85 < MM (v, KtK~) < 1.00 GeV /c?

3.3 Monte Carlo Simulation

For the Monte Carlo (MC) simulation, the LEPS Collaboration has developed g31leps soft-
ware. The MC simulation is used for the following two purposes. One is to calculate the
acceptance of the LEPS spectrometer including detector efficiencies and resolutions, and the
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other is to estimate background. The vp — KK p events are cleanly selected as already
shown in Figs 3.3 and 3.9, therefore for the background estimation, we simulated the detector
response to the following three reactions which share the K K ~p final state.

vp— ¢op — KTK ™ p (3.12)
vp = K+A(1520) = KK p (3.13)
vp — KTK~p (nonresonant) (3.14)

For the ¢ meson generation, the ¢-slope factor B and SDME:s are input to the MC code. These
input parameters are iteratively determined. K+ A(1520) events are generated isotropically in
the overall center-of-mass frame. The subsequent A(1520) — K ~p decay is also simulated in
the isotropic way in the A(1520)-rest frame. The nonresonant K~ K ~p events are uniformly
generated in the phase space.

To simulate the detector response, efficiencies and resolutions of each detector are input to
the MC codes, in addition to set geometries of detectors and materials in the LEPS spectrom-
eter. The g3leps is based on the GEANT 3.21 which was developed by CERN [65]. The
GEANT libraries simulate behaviors of the produced particles, taking account of decays in flight
and multiple Coulomb scatterings. Hadronic interactions are simulated with GHEI SHA pack-
age. Generated MC data is analyzed in the exactly same way as the real data analysis by the
LEPSana.

3.4 Yield Calculation

The yield Y, g+~ [Eq. (3.1)] is calculated using the K T K~ invariant mass distribution
M (K K™) after the event selection cuts, which is shown in Fig. 3.10.
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Fig. 3.10: The Kt K~ invariant mass distribution M (K* K ~). The hatched histogram is the
background distribution obtained by the MC simulation which is described in this section.

A peak corresponding to the ¢ meson is seen on top of the background. In this section, we
describe how the background distribution (hatched histogram) is evaluated and how the yield
is calculated.
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3.4.1 Background Subtraction

As described in section 3.3, we considered the two sources of background: yp — K*A(1520)
reaction and nonresonant KK ~p production. The background level was estimated by the
simultaneous fit of the K" K~ invariant mass M (KK ™) and K ~p invariant mass M (K~ p)
distributions, using the MC mass distributions of ¢p, K™ A(1520), and nonresonant K™K p
reactions. MC mass distributions were obtained by applying the exactly same cut conditions as
were applied to the real data. Figure 3.11 shows the M (K ~p) vs M (K" K™) scatter plots of
real data, MC ¢, MC A(1520), and MC nonresonant K K ~p data, for certain four kinematic
bins.
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Fig. 3.11: M(K p) vs M(K+K™) scatter plots of real and MC data for several kinematic
bins.

As for A(1520) production, the A(1520) events overlap the ¢ events only at low energies (see
the left-side figures). As shown in the right-side figures, few A(1520) events are contaminated
in the ¢ mass region 1.005 < M(KTK~) < 1.035 GeV/c?. Needless to say, nonresonant
events overlap the ¢ events at every kinematic bin.

Figure 3.12 shows the fitting results for 2.67 < £, < 2.77 GeV bin. The fitting results for the
other bins are shown in Appendix A.
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Fig. 3.12: M(K*K~) and M (K~ p) distributions for 2.67 < E, < 2.77 GeV bin in 2015.

3.4.2 ¢ - K"K~ yield calculation for cross section

E., and ¢ bins for the cross section calculation are listed up in Table 3.2.

Table 3.2: Binning for the cross section extraction.

E, bin (GeV) E, bin width (GeV) | ¢ bin (GeV?) ¢ bin width (GeV?)
[1.67,1.87] 0.2 tmin + [—0.1,0.0] 0.1
[1.87,2.07] 0.2 tmin + [—0.2, —0.1] 0.1
2.07,2.27] 0.2 tmin + [—0.3, —0.2] 0.1
2.27,2.37] 0.1 tmin + [—0.4, —0.3] 0.1
[2.37,2.47] 0.1 tmin + [—0.5, —0.4] 0.1
[2.47,2.57] 0.1 tmin + [—0.6, —0.5] 0.1
[2.57,2.67] 0.1

2.67,2.77] 0.1

2.77,2.87] 0.1

For each bin, the ¢-meson yields are obtained by integrating the background [A(1520) + non-
resonant K+ K~ p] subtracted M (K + K ™) distributions from 1.005 to 1.035 GeV /c?. The dif-
ference between the obtained ¢-meson yield and the integral of the MC ¢ distribution from
1.005 to 1.035 GeV/c? is treated as the systematic uncertainty.

The obtained ¢-meson yields are shown in Fig. 3.13.
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Fig. 3.13: t dependence of the ¢-meson yields Y, , i+~ (before acceptance correction) for
each E, bin.

3.4.3 Yield calculation for angular distribution

To obtain the angular distributions for each data set (see Table 2.4), the angles are divided into
12 bins, and for each angle bin, ¢-meson yields are calculated in the same way as described in
section 3.4.2. The obtained yields are shown in Fig. 3.14 and Fig. 3.15. To extract the energy
dependences of the SDME:s in the forward angle, ¢ range is set to t — ¢, > —0.05 GeV?, and
the selected forward events were divided into 3 energy bins from 2.17 to 2.77 GeV (Fig. 3.14).
On the other hand, to extract the ¢ dependences of the SDMEs, £, range was set to 2.37 <
E, < 2.77 GeV, and the data were divided into four angular bins from —0.2 GeV? t0 0.0 GeV
int — ty, (Fig. 3.15).
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t — tmin > —0.05 GeV?.
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Fig. 3.15: Angle dependences of ¢-meson yields Y,,_, i+~ (before acceptance correction) for
237 < B, <2.77 GeV.

3.5 Acceptance of the LEPS Spectrometer

To convert the yield Y,_, -+ k- to the number of generated ¢ mesons Ny, the acceptance of the
LEPS spectrometer A is necessary [see Eq. (3.1)].

3.5.1 How to get the acceptance A

The acceptance of the LEPS spectrometer was calculated using the MC simulation. It is calcu-
lated by dividing the number of accepted events by the number of generated events. Here, the
"accepted events" means the events which survive all the cuts applied in the real data analysis.
When calculating the cross section, we get the acceptance as a function of £, and 4-momentum
transfer . On the other hand, when extracting the SDME, the acceptance is calculated as a
function of E,, ¢, and the angle which corresponds to the SDME extraction (see subsection
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1.2.2). The acceptance is determined by the detector geometries, efficiencies, and resolutions,
in addition to the analysis cut criteria. These detector parameters were input to the MC code.

The properties of the ¢-meson photoproduction should be input into the MC code to reproduce
the ¢-meson events. Because we divide the £, range into bins, the £,-dependence of the
cross section is not necessary to calculate acceptances, assuming that the [, -dependence is
small in each bin. This assumption cannot be applied to the ¢-dependence. Since the ¢-meson
photoproduction shows the steep forward peaking structure (see the top middle of Fig. 3.16),
the t-dependence in each ¢-bin is not negligible. Therefore, we used the ¢-slope factor B to
generate the MC ¢ events. Here, the ¢-slope factor B is just what we want to derive, then it is
iteratively determined. Also, SDMEs are necessary to reproduce the decay angular distribution
of the ¢ meson. They are also iteratively determined and input into the MC code. As a starting
point for the iteration, following three sets of SDMEs are used:

Isotropic decay p), = 1/3
Reply = pi_y = p11 = poo = Repyg = pi_y = Impfy = Imp7_; =0
2005 LEPS results p), = 0.069, p? ; =0.039, pl , = —Imp?_, = 0.189
Reply = piy = poo = Repiy = Impiy =0
Zero SDMEs pf, = Reply = p_; = pi; = pjy = Repyy = pi_; = Impy = Impi_; = 0.

The second one comes from the results of 2.17 < FE, < 237 GeV and t — {yin >
—0.2 GeV? [10]. Note that all the SDMEs cannot be zero at once, and the "zero SDMEs"
in the third one means that SDMEs in Egs. (1.29,1.30,1.31) are all zero*. We confirmed that
the SDMEs converge to the same results by iterating about 3 times, regardless of which one of
the three sets we choose.

To check that the detector behavior is appropriately reproduced, distributions of the kinematic
variables are compared between real and MC data. Figure 3.16 shows the comparisons of
typical variables, and the data is well reproduced by the MC simulation.

“For example, pJ, = 1/2 in the "zero SDMEs" set.
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Fig. 3.16: Comparison between real data (red histograms) and MC results (black histograms).
Top left: 3-momentum magnitude of ¢ mesons in the laboratory frame. Top middle: Polar
angle distribution of ¢ mesons in the laboratory frame. Top right: Azimuthal angle distribution
of ¢ mesons in the laboratory frame. Bottom left: Vertex-z distribution of ¢ mesons. Bottom
middle: Missing mass distribution MM (v, KT K~). Bottom right: KK~ invariant mass
distribution M (K * K ) after the background subtraction.

3.5.2 Acceptance as a function of I/, and ¢

For the cross section measurements, the acceptance of the LEPS spectrometer is calculated for
each bin in Table 3.2. Figure 3.17 shows t dependences of the acceptance A for each £, bin.
2015 and 2007 results are slightly different, mainly because the target position for 2007 data is
about 5 cm downstream than that for 2015 data.
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Fig. 3.17: t dependence of the acceptance A of the LEPS spectrometer for each E., bin.

3.5.3 Acceptance as a function of £, ¢, and K angle

The acceptances for the SDME measurements are calculated in the same way as those for the
cross section measurements. Note that the SDMEs are iteratively input to the MC simulation
codes. The results are shown in Fig. 3.18 and Fig. 3.19.
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Fig. 3.18: Angle dependences of the acceptances for ¢ — ¢y, > —0.05 GeVZ.
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Fig. 3.19: Angle dependences of the acceptances for 2.37 < £, < 2.77 GeV.

3.6 Number of Photons and Target Protons and Photon
Polarization

3.6.1 Number of photons N,

To extract the cross section, the number of photons for each £, bin is necessary. The tagger
count was converted to the total number of photons on the target in the tagged energy range,
by multiplying the live-time correction factor for the tagger scaler and the transmission factor
0.526. Next, the total number of photons was distributed to each £, bin, using the Compton
spectrum (see Fig. 2.3). In other words, the photon fraction of the £, bin w, in Eq. (3.1) is
calculated as the ratio of area of the £, bin in the Compton spectrum to that of the tagged
energy range. Results for six E,-bins from 2.27 to 2.87 GeV for 2015 data are shown in
Fig. 3.20.
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Fig. 3.20: Photon fractions w, for 2015 data. The red solid circles represent the photon
fractions for each £, bin. The Compton spectrum, whose integral is normalized to 0.1 GeV
(£,-bin width), is overlaid (black dashed curve).

The photon fractions for all bins used in this work are summarized in Table 3.3.

Table 3.3: Photon fractions w., for each bin.

E,-bin (GeV) w, for 2007 data w, for 2015 data

[1.67,1.87]
[1.87,2.07]
[2.07,2.27]
[2.27,2.37]
[2.37,2.47]
[2.47,2.57]
[2.57,2.67]
[2.67,2.77]
[2.77,2.87]

0.1058
0.1088
0.1168
0.0632
0.0676
0.0729
0.0793
0.0869
0.0958

0.1100
0.1142
0.1241
0.0679
0.0730
0.0792
0.0866
0.0953
0.1055

3.6.2 Number of target protons per unit area Niarget

As shown in Fig. 3.21, the effective target length is estimated to be 16.55(7) cm, by fitting
the edges of the vertex distribution with error functions. This length corresponds t0 Nyyget =

7.04 x 1077 ub~ 1,
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Fig. 3.21: The determination of the effective target length.

3.6.3 Validity checks

To check the data quality and to confirm the validity of the analysis methods, several observ-
ables are compared with previous measurements as described below.

Kp detection mode

In addition to the KK~ detection mode, the Kp detection mode can be used to study the
vp — ¢p reaction. In the K'p detection mode, one kaon and proton are detected with the
LEPS spectrometer, and the missing kaon is identified using the missing-mass technique. The
acceptance for the K'p mode drops rapidly with increasing F., as shown in Fig. 3.22, because
the ¢p opening angle becomes large when the energy F., increases.
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Fig. 3.22: I, dependences of the acceptances for K~ p mode (2015).

In the K~ p mode, the ¢ events exist below £, = 2.1 GeV as shown in Fig. 3.23.
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Fig. 3.23: E, vs M (K" K~) for K~ p detection mode.

Therefore, we used the K'p mode just for the validity check of the ¢ analysis, especially for
the validity of the N, and Ny [Eq. (3.1)] for the cross section measurement. The results are
shown in Fig. 3.24. They are consistent with LEPS 2005 results [10] and K™ K~ mode results
of this work.
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Fig. 3.24: do /dt results. The red and green data points are shifted horizontally for clarity.

The uncertainty of the yield calculation for the K *p mode is larger than that of the K~ p mode,
due to the yp — K Y channels. Therefore, we used only the K~ p mode for the validity check.

Cross sections for vp — K*Y channels

To confirm the validity of the number of photons N, and number of target protons per unit area
Nurger, We have also extracted the cross sections for the yp — KTY (Y = A, ¥9) reactions (see
Fig. 3.6), and compared the results with LEPS 2006 results [66]. Figure 3.25 shows energy
dependences of the A and X° production cross sections for each cos 6., bin. The results are
well consistent with LEPS 2006 results.
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Fig. 3.25: Energy dependences of cross sections for the yp — KA and vp — KX
reactions.

3.6.4 Photon polarization P,

The degree of linear polarization of the incident photon P, is necessary to extract some SDMEs
(p1_1, D11, 2p11 + pog)- The polarization P, depends on E., as already shown in Fig. 2.3. For
each E.-bin, the mean value of the polarization is calculated using the Compton spectrum to
take into account the energy dependence in the £, bin. The formula is as follows:

[ v f@)g(0)
fE7 bin / (T)d

where the function f represents the Compton spectrum (arbitrary unit), and the function g
represents the polarization function shown in Fig. 2.3. For the laser polarization, Py = 0.97
is used, which is determined by the laser polarization measurements. Figure 3.26 shows results
for [2.17,2.37], [2.37,2.57], and [2.57,2.77] GeV E,-bins.

Pﬂ/ = ]Dlaser X

(3.15)
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Fig. 3.26: Degree of linear polarization P, for each £, -bin.

The photon polarizations P, for all bins used in this work are summarized in Table 3.4.

Table 3.4: Photon polarizations P, for each bin.
E,-bin (GeV) P, for 2007 data P, for 2015 data

[2.17,2.37] 0.7381 0.7230
[2.37,2.57] 0.8210 0.7945
[2.57,2.77] 0.8733 0.8362
[2.37,2.77] 0.8493 0.8172

3.6.5 Validity checks using beam asymmetries for vp — K Y chan-
nels

The polarization of degree of the photon beam F, is used to determine some SDMESs such as
pi_1. To confirm the validity of the obtained P,, we calculated the beam asymmetries % for
the hyperon productions, and compared with the previous measurements. The definition of the
beam asymmetry X is as follows:

do <da>
— == [1— P,Xcos (2¢)], (3.16)
d ds? unpol !

where (do /dS2)unpo represents the differential cross section obtained by the unpolarized photon,
and ¢ is the angle between the polarization vector of the incident photon and the production
plane. Note that the beam asymmetry is the function of £, and the polar angle of the produced
hyperon. Figure 3.27 shows the energy dependences of the beam asymmetries. Results of this
work and LEPS 2006 results [66] are consistent within the statistical uncertainties.
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Fig. 3.27: Energy dependences of beam asymmetries. cos QCKT: > 0.6. The top figure is for the
vp — KT A reaction, and the bottom figure is for the yp — KX reaction. The open circles
are taken from Ref. [66].
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In this chapter, we show the differential cross sections do /dt for the yp — ¢p reaction in the
energy range of 1.67 < E, < 2.87 GeV and the ¢ range of —0.6 < ¢ — {yin < 0.0 GeV?.
For each £, bin, the t-dependence of the differential cross sections is fitted with an exponential
curve, and the ¢-slope factor B and (do /dt);,, . are obtained. Then, the energy dependences of
the ¢-slope factor B and (do /dt),—; . are shown. Also, the SDMEs are shown using two types
of the binning. One is for the energy dependence of the SDME:s at forward angles ¢ — ¢, >
—0.05 GeV? (the energy range 2.17 < E., < 2.77 GeV is divided into 3 £, bins). The other is
for the ¢ dependence of the SDMEs with the wide £, bin 2.37 < E., < 2.77 GeV. The ¢ range
—0.5 <t — tmin < 0.0 GeV? is divided into 4 bins.

4.1 Differential Cross Section do/dt and B, (do/dt)
Parameters

1=tmin

Figure 4.1 shows the results of the differential cross sections. The binning is shown in Table 3.2.
Since the acceptances for 2007 and 2015 are different (Fig. 3.17), the cross sections are obtained
separately. For each E, bin, t-dependences show forward peaking structures, suggesting the
dominance of ¢-channel processes.

We perform a x? test to compare 2015 and 2007 results. From the x?/ndf, the significance ma,
which represents whether the deviation is statistically significant or not, is calculated to satisfy
the following equation:

X2 1 m $2

where f(x;n) represents the probability density function of the chi-square distribution with n
degrees of freedom. The 2015 and 2007 results are consistent within statistical uncertainties as
shown in Fig. 4.1 (in parentheses).
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Fig. 4.1: t dependence of the differential cross sections do /dt for each E. bin. 2015 and 2007
results are compared. See text for details.

The combined (2007+2015) cross sections do /dt are extracted by calculating the weighted
means. The results are shown in Fig. 4.2. The cross sections (2007+2015) for low E., region
(Fy < 2.37 GeV) are compared with the LEPS 2005 results [10], and found to be consistent
within statistical errors.
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Fig. 4.2: do/dt vs t — tyn. The green dashed curves are the fitting results with the free B
parameters. The red solid curves are the fitting results with the fixed B (B = 3.57 GeV ?).
The hatched histograms represent systematic errors.

The obtained differential cross sections are fitted by Eq. (1.20) to extract the ¢-slope factor B
and (do /dt);—, . (the green dashed curves in Fig. 4.2). Figure 4.3 shows the energy dependence
of the t-slope factor B'. The results are consistent with LEPS 2005 results [ 10] within statistical
uncertainties in the overlapping region.

"We do not use the lowest energy bin 1.67 < E., < 1.87 GeV, since we have only two data points as shown in
Fig. 4.2.
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Fig. 4.3: Energy dependence of ¢-slope factor B, compared to the previous data. The horizontal
error bars indicate bin size. The open squares represent the CLAS results for the charged mode
with A* cuts included [17]. The hatched histogram represents systematic errors for this work.

Also, the results show no strong energy dependence of B beyond statistical errors, and the
average value of B of this work is 3.57 £ 0.12 GeV 2. Comparing the combined LEPS results
with the CLAS results, the average B value of LEPS results is smaller than that of CLAS
results by 21.7% in the photon energy range of 1.5 < E, < 2.9 GeV with the statistical
significance of 3.20, on the other hand, the LEPS results is larger than the CLAS result by
9.7% in2.2 < E, < 2.9 GeV with 2.40.

The fitting curves when the ¢-slope factor B is fixed to the average value are shown in Fig. 4.2 as
red solid curves. Figure 4.4 shows the (do/dt);—;, . obtained in the two ways. Comparing with
the CLAS results, the LEPS measurements show smaller (do/dt);—,, below E, = 2.2 GeV,
and the energy dependence in the nonmonotonic region is more moderate.
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Fig. 4.4: Energy dependence of the (do/dt);—; .. The red solid circles represent the results
with fixing B to 3.57 GeV?. The horizontal error bars indicate bin size. The hatched histograms
represent systematic errors. The green open circles represent the results with B as floating
parameters. The green data points are shifted horizontally for clarity.

4.2 Spin Density Matrix Element (SDME)

The SDMEs are extracted using the integrated one-dimensional decay angular distributions
[Egs. (1.33-1.37)]. The systematic errors of the SDMEs are small, since the SDMEs are free
from the photon number calculation.

The acceptance-corrected decay angular distributions are fitted to extract SDMEs. We have
four data sets 2015 vertical, 2015 horizontal, 2007 vertical, and 2007 horizontal (Table 2.4).
As for the angular distributions which do not depend on P, [W(cos#) and W ()], the four
data sets are summed after the acceptance correction. As for the angular distributions which
depend on P, [W(p —®), W(¢+ @), and W (P)], only the horizontal and vertical data sets are
summed, because P, (or the laser wavelengths) are different between 2007 and 2015 data. The
simultaneous fittings for 2007 and 2015 data sets were performed for the P,-dependent angular
distributions, to extract the SDMEs as shown in Figs. 4.5-4.11.
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Fig. 4.5: Acceptance-corrected angular distributions for ¢ — ., > —0.05 GeV? and 2.17 <
E., < 2.37 GeV. The red curves are the fitting results.
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84 Chapter 4. Results



¢ photoproduction on the proton at £, = 1.5 — 2.9 GeV

X2/ndf: 15.7/10 (1.600) X2/ndf: 15.5/10 (1.580)
400 + o
3001 * -
. g b

200 T T { * + * T
100 Nk

cosf (2015+2007) ¢ (2015+2007)

-05 0 05 0 T 2n

¢ — P (2015) ; ¢ + ® (2015) @ (2015)
Nt
ot ;1

3; ~ @ (2007) o + ® (2007) ® (2007)
150p X2/ndf: 22.9/21 (0.930) | x/ndf: 15.3/21 (0.240) | x%/ndf: 26.8/21 (1.340)

Lttty

T 7T

100

50

Fig. 4.7: Acceptance-corrected angular distributions for ¢ — ., > —0.05 GeV? and 2.57 <
E., < 2.77 GeV. The red curves are the fitting results.

x?/ndf: 13.9/10 (1.350) x?/ndf: 18.1/10 (1.930)

600 L
400 4 4 ; ; ¢ty ¢
¢
2001 § o
cosd (2015+2007) ¢ (2015+2007)
™5 0 05 0 T 2m

w0 (2015 ¢ +® (2015 | ® (2015)

300%
200f

100

* 9-0 (2007) o+ o (2007) ® (2007)
150-x?/naf: 24.8/21 (1.140) -xi/ndf' 23.4/210.990) -*lendf: 31.9/21(1.880)
100F L J_Ll J j_L N IM

et
50} a s t
T T i 7

Fig. 4.8: Acceptance-corrected angular distributions for —0.05 < t — ¢, < 0.0 GeV? and
2.37 < E, < 2.77 GeV. The red curves are the fitting results.

4.2. Spin Density Matrix Element (SDME) 85



¢ photoproduction on the proton at £, = 1.5 — 2.9 GeV

400

300

200

100

XZ/ndf: 12.0/10 (1.060)

XZ/ndf: 12.0/10 (1.0701

300
200F

100f

cosd (2015+2007) ¢ (2015+2007)
-05 0 0.5 0 T 2n
¢ - d (2015) ¢ + d (2015) @ (2015)

MM

150F )(2/n$c 2

O ( 2007)
2.4]21 (0.890)

b + P (2007)
: x2/ndf 35.5/21 (2. 250)

L 1
u‘ﬁ”""}\Tq :

® (2007)
L x?/ndf: 25.2/21'(1.180)

Fig. 4.9: Acceptance-corrected angular distributions for —0.1 < ¢ —

T[

T 7T

2.37 < E, < 2.77 GeV. The red curves are the fitting results.

300

200

100

X2/ndf: 14.9+10 (1.500)

X2/n 19*3/10 (2.080)

W\

cosd (2015+2007) ¢ (2015+2007)
™5 0 05 0 T 2m
o - ® (2015) o+ (2015) ® (2015)

300f
200F

100f

WM

150F leng} 1
100

sort

o) 200

87/21( 520)

b+ o (2007)
L x?/ndf: 33.0/21 (2.000)

@ (2007)
L x?/ndf: 30.5/21 (1.740)

4t
sl

ot

Fig. 4.10: Acceptance-corrected angular distributions for —0.15 < ¢ —

T Vil

2.37 < E, < 2.77 GeV. The red curves are the fitting results.

86

Chapter 4. Results

tmin < —0.05 GeV? and

tmin < —0.1 GeV? and



¢ photoproduction on the proton at £, = 1.5 — 2.9 GeV

x?/ndf: 19.8/10 (2.150) x?/ndf: 12.0/10 (1.070)
300F % % -
100F ¢ F 4
cosd (2015+2007) ¢ (2015+2007)
-05 0 05 0 T 2n
¢ — d (2015) ¢ + d (2015) @ (2015)

200:—%

100-

: -} %
-%%M

3; — & (2007) b + ® (2007) ® (2007)
1500 X2/ndf: 24.9/21 (1.150) | x2/ndf: 30.6/21 (1.740) | x2/ndf: 20.0/21'(0.650)

Tt Tt Tt 2n

Fig. 4.11: Acceptance-corrected angular distributions for —0.2 < ¢ — ¢y, < —0.15 GeV? and
2.37 < E, < 2.77 GeV. The red curves are the fitting results.

The SDME results are shown in Fig. 4.12 and Fig. 4.13. Figure 4.12 shows the energy (£,)
dependence, and Figure 4.13 shows the angular (¢) dependence. The results are consistent with
LEPS 2010 results [38] in the overlapping energy region. Note that Rep? ; and the photon
beam asymmetry 2p}, + pi, must go to zero at zero degrees (! = ty;,) by definition, and the
measured values are consistent with zero within the statistical uncertainty.

The SDMEs pf), and Rep!_; in the most forward bin are consistent with zero within the sta-
tistical uncertainty, suggesting the helicity conservation. Therefore, the SDME pi_; can be
used as an indicator of the ¢-channel natural- and unnatural- parity exchanges. The values are
pi—1 = 0.2 ~ 0.3 as shown in Fig. 4.12, indicating that the Pomeron-exchange process is
dominant (70 ~ 80%).
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consistent with LEPS 2010 results [38] in the overlapping energy region.
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Fig. 4.13: ¢ vs SDME results. The £, range is 2.37 < £, < 2.77 GeV.

Results in the helicity system

Figure 4.14 shows the ¢ dependence of SDMES in the helicity frame at 2.37 < £, < 2.77 GeV.
Since the helicity frame and Gottfried-Jackson frame are the same in the case of the scattering
at zero degrees, two results should be the same at zero degrees. Actually, in the most forward
¢ bin, the results in the helicity frame are consistent with the SDMEs in the Gottfried-Jackson
frame (Fig. 4.13).
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CHAPTER
FIVE

DISCUSSION

In this chapter, we discuss several processes to explain the results. First, the Pomeron, 70 and
n exchanges in the ¢-channel are considered. After that, the KA (1520) rescattering process
will be considered to explain the nonmonotonic structure.

5.1 Pomeron-+r" + n Amplitude Calculation

In this section, we introduce the Pomeron+7° + 1 model, following Titov’s approach [18]. In
this model, the Pomeron, 7°, and 71 are exchanged in the ¢-channel. The Pomeron exchange
amplitude is calculated in the framework of Regge theory. On the other hand, the 7° and 7
exchange amplitudes are calculated using an effective Lagrangian approach.

5.1.1 Pomeron exchange amplitude

We use the Donnachie-Landshoff model [67, 68, 69] to calculate the Pomeron exchange am-
plitude in the following form ([18, 47]")

I;]?z = _M(87 t)€;(Q7 /\Qﬁ)a(p/) mf)hﬁyu(pa mi)gl/(k;a Av)a (51)

where €(k, \,) [e(g, Ay)] is the polarization vector of the incident photon (outgoing ¢ meson)
with momentum k (¢) and spin projection A, (\y), and u(p, m;) [u(p’, my)] is the Dirac spinor
of the nucleon with momentum p (p’) and spin projection m; (m). The scalar function M (s, t)
is described by the following Regge parametrization:

a(t)—1 .
M(s,t) = CpF(t)Fy(t) (i) exp (—%a(t)) . (5.2)
Sp
The isoscalar electromagnetic form factor of the nucleon £y and the form factor for the ¢-
photon-Pomeron coupling F} take the following forms:
4m3, — a3t
(4m3, —t)(1 —t/ty)?’
203
(L —t/m2)(2ug +m3 —t)’

Fu(t) =

(5.3)

Fy(t) = (5.4)

IThe sign convention in Ref. [18] is the same as that in Ref. [47]. The definitions of the strength factor Cp are
different by factor sp. We use the definition of Cp in Ref. [47] which has dimension GeV~2. The Cp defined in
Ref. [18] is dimensionless.
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where my is the nucleon mass and m is the ¢-meson mass. The parameters used in Eq. (5.2)
are listed in Table 5.1.

Table 5.1: Parameters used in the scalar function M (s, t).

sp 4GeV? Refs. [47, 18, 39]
a(t) 1.0840.25t  Pomeron trajectory
ay 2 Ref. [39]

to 0.7 GeV? Refs. [18, 39]

p2 1.1 GeV? Refs. [18, 39]

Cp  0.7566 GeV~2 Pomeron strength factor [47]

The vertex function hp has the following form [18]:

v q'q” k-q P +p” kg qq"
B — N S S NN I S A R (W i i
P k(g q2> v( q qg) (q 7wz Vg

(5.5)
where p and p’ represent the four-momenta of the incoming nucleon and outgoing nucleon,
respectively. In this model, the scalar function M(s,t) contains the information about the
energy dependence of the exchange of the Pomeron trajectory [Eq. (1.13)], while the vertex
function hp contains the information about the angle dependence.

The invariant amplitudes Ii} Ao, At T = tmin are shown in Fig. 5.1. The helicity-conserving
k) vy bl k)

amplitude such as I _| /2.1,-1/2 8ives the dominant contributions. Its magnitude increases with

the energy I,. Also, the helicity-flip amplitude Ig” 1/2:1,-1/2 has non-zero value near the thresh-

old, though it converges to zero when the energy increases. Note that the exp[ima(t)/2] factor
in Eq. (5.2) makes the Pomeron exchange amplitude predominantly imaginary as is also seen
in Fig. 5.1.

O

- P :
-0.5 Im 1 112, 17—1/2

- _ P

- Re | 1121, 1/2

- Im Io 1/2 1- 1/2
~15F Re lo 1/2 1, —1/2

_2:_ b,
: 1 i 1 1 1 ; 1 1 1 ; 1 1 1 ; 1 1 1 ; 1 1 1 ; 1 1 1 i 1

16 18 2 2.2 24 2.6 2.8
E, (GeV)

Fig. 5.1: Non-zero Pomeron exchange amplitudes fi C1/21,-1/2 and Ig 1/2:1,-1/2 At Zero degrees
(t = tiin). Parameter set in Ref. [47] is used. The function shapes do not change much by using
the parameter set in Ref. [18].
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5.1.2 Pseudoscalar meson exchange amplitude

Pseudoscalar meson (¢ = 7Y, 7)) exchanges in the t-channel contribute to the ¢ pho-

toproduction at forward angles. We use the following effective interaction Lagrangians
(Refs. [18, 47, 37,70, 71, 46]°):

Loy = 2002maBg & 0. Agep (5.6)
me
£<pNN = gﬁgj\fv NW”%N@AO (5.7)

where ¢,, Ag, and N denote ¢-meson, photon, and nucleon fields, respectively. Then, the ¢-
channel pseudoscalar-meson exchange amplitude takes the following form (Refs. [18, 47, 37]%):

1 F, 1) Fyro(t) €goryng i e .
IJPC’lS - Z SON;VE )Tn;b’W( ) ¢77<:1¢¢NNU(p/7 mf)%u(p, mi)g“ BQ,ugu(q’ )‘qﬁ)kagﬁ(kv )‘7)
o=n0n ¥
(5.8)
1F, NN(t)F (t) €g. GoNN _ va *
- Z . t — m;ﬁmp ,nj;(p 2§;)an U(p/, Tn’f)(Jé - g)%u(p, mi)é“u Bqu€y<QJ )‘¢>ka55(k7 A’y)
gDzﬁoﬂ7 ®
(5.9

where k£ and ¢ represent the four-momenta of the incoming photon and outgoing ¢ meson,
respectively. F,nyy and Fy,, are the monopole-type form factors, defined as

2 2

Foyn(t) = 22X ¢ (5.10)
v Ay —t
A% —m?

Fy(t) = K’;*"—t“’ (5.11)

dye

The coupling constants and cut-off masses are listed in Table 5.2.

Table 5.2: Parameters used in the meson exchange amplitude [Eq. (5.8)].

9oy —0.141 ¢y coupling constant [47, 18]

G —0.707 ¢yn coupling constant [47, 18]

g.nNn 13.26 mN N coupling constant [47, 18]

gyNN - 3.527 nN N coupling constant [47, 18]

Anvy 0.7GeV  cutoff parameter [47]

Ayvn 1GeV cutoff parameter [47]

Apyr  0.77GeV  cutoff parameter [47]

Apyy  0.9GeV  cutoff parameter [47]

The coupling constants of ¢y7” and ¢y7 vertices are determined through the widths of radiative
decays ¢ — vy and ¢ — 1 [52]. The 7NN coupling is determined by 7N partial wave

2 As for L,nn, our formula is the same as that of Refs. [47, 37, 71, 46] (axial vector coupling). Refs. [18, 70]
use so-called pseudoscalar coupling, and this Lagrangian leads to the same amplitude, due to the Dirac equation.

3We use the exact same formula as that of Ref. [18]. The si gn convention is the same as that of that of Ref. [37],
and different from Ref. [47]. Be careful that factor ﬁ is omitted in Eq. (9) of Ref. [47].
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analysis [72]. The n/N N coupling varies in literature [37], however, the 1 exchange amplitude
is small due to its large mass compared with the pion mass, and the effect to the cross section
is not large.

Figure 5.2 shows the invariant amplitude / ii A g, AT = tmin. These amplitudes are purely
real, and only the helicity-conserving amplitupde has non-zero value at zero degrees. The 7
exchange amplitude is small compared with the 7° exchange amplitude, and when energy in-
creases, it falls to zero rapidly. The 7° exchange amplitude does not fall in the LEPS E, region,
and contributes to the ¢ photoproduction to some extent.

Fig. 5.2: Left: Pseudoscalar meson exchange amplitudes [ f S 1/2;1,1/ At zero degrees [47].
The other spin-flip amplitudes are zero. Right: Zoom-in version of the left one.

5.1.3 Determination of the Pomeron strength factor Cp

Since little is known about the Pomeron coupling with the strange quarks, the Pomeron strength
factor C'p contains the large uncertainty. Therefore, we determined the strength factor using our
(do/dt);—y,,, results. It is expected that when the energy £, increases, the number of processes,
which contribute to the yp — ¢p reaction, decreases and the simple Pomeron model works.
Therefore, we determined the Pomeron strength factor Cp using our highest-E, data points.
The three highest-E., data points are used, and Cp = 0.649(7) GeV 2 is obtained by a fit,
which is 14% smaller than that of Ref. [47]. Here, the fitting curve is the Pomeron+7° + n
theoretical curve with the floating Cp parameter, as shown in Fig. 5.3. Other parameters such
as the pseudoscalar exchange amplitudes are fixed. We use the three points because x?/ndf is
closest to one when choosing the three data points. The fitting result does not change more than
1.2% when using between two and seven of the highest- £, data points.
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Fig. 5.3: The Cp determination. The red solid curve is the fitting result with the Pomeron
strength factor Cp as a floating parameter.

5.1 4 (do-/dt)t:tmin and SDME

The energy dependence of (do/dt).—; . when the t-slope factor B is fixed to the average value
is shown in Fig. 5.4. The theoretical curves with the Pomeron strength factor determined by
this work are also shown. Comparing with theoretical calculations, the data shows a 20 — 30%
excess below E, = 2.27 GeV, suggesting the existence of other processes near threshold.

12 -
- T4 —
< 1 % ey, A
% B é o é ¢ —‘——___.—"_
g 08¢ _.~“e— Thiswork
£ 0.6 3?& —o— LEPS (2005)
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= - Tlo+n
02F
07 s II | A AR AR KKK K KK KKK KK A KKK IR KKK KX KKA 1
16 18 2 2.2 2.4 2.6 2.8 3
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Fig. 5.4: Energy dependence of (do/dt)—, . . The red solid circles are the results of the present
work. The error bars represent statistical errors. The hatched histogram represents systematic
errors. The green solid curve represents the theoretical calculation with the Pomeron strength
factor determined by the present measurements. The magenta and cyan dashed curves represent

the contributions of Pomeron and pseudoscalar mesons respectively.
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The ¢ dependences of the spin-density matrix elements in 2.37 < E, < 2.77 GeV are shown
in Fig. 5.5. The red solid curves represent the theoretical calculations at £, = 2.57 GeV using
the Pomeron strength factor determined by the cross sections (Cp = 0.649 GeV~?). The green
dashed curves represent the calculations with Cp = 0.7566 GeV~2 [47]. Now pl_, is the
most important spin-density matrix element, which is sensitive to the ratio of ¢-channel natural
and unnatural parity exchanges, and the theoretical curve using the Pomeron strength factor
determined here is closer to the measurements of p}_, than the curve using the strength factor
in Ref. [47]. In the large scattering angle region ¢ — ¢, < —0.1 GeV?, A;_; and the beam
asymmetry 2p1, + pg, are slightly larger than the theoretical calculations. In the forward region
t — tmin > —0.1 GeV?, the theoretical model (Pomeron+7" + 1) well reproduces the measured
SDME:s.

s 0 0 =1
0.4F Poo a Repl—l 2 P
03F - /‘?”ﬁ
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Fig. 5.5: t dependence of spin-density matrix elements in the Gottfried-Jackson frame. The
energy range is 2.37 < I, < 2.77 GeV. The red solid curves represent the theoretical calcu-
lations at ., = 2.57 GeV with the Pomeron strength factor Cp determined by this work. The
green dashed curves represent the same model with Cp = 0.7566 GeV 2 [47].

Figure 5.6 shows £, dependences of the spin-density matrix elements in the forward region
t — tmin > —0.05 GeV?2. As for pi_,, the data points in the high energy region E, > 2.37GeV
are well described by the Pomeron and pseudoscalar exchange model, and the data point in
1.97 < E, < 2.17 GeV significantly deviates from the model prediction with a statistical
significance of 3.40. This fact suggests that additional amplitudes or interferences between the
Pomeron exchange and other processes appear near threshold. If the interference effect can be
ignored, the additional process is the unnatural parity exchange process other than 7° and 7
exchanges.
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Fig. 5.6: I/, dependence of spin-density matrix elements in the Gottfried-Jackson frame. The
t range is t — tmin > —0.05 GeV2. The open circles represent the previous LEPS results [10].
The red solid curves represent the theoretical calculations at zero degrees (t = t,;,) with the
Pomeron strength factor C'p determined by this work. The green dashed curves represent the
same model with Cp = 0.7566 GeV 2 [47].

As for t-slope factor B, further studies are necessary to reproduce our results. Especially, the
form factor of the Pomeron-v-¢ contains large uncertainties, and needs to be adjusted.

5.2 K"A(1520) Rescattering Process

In this section, we calculate the amplitude of yp — K TA(1520) — ¢p rescattering process in
an effective Lagrangian approach.

5.2.1 Formalism

Using the Cutkosky rule [Eq. (1.7)], the imaginary part of the rescattering amplitude /™5™ is
written as follows [47]*:

-
8m+/s

where r is the magnitude of the 3-momentum of the outgoing K of the first scattering in the
center-of-mass frame. Note that this K is on mass shell. Other rescattering channels such as
vp — ©N — ¢p are ignored, since Ryu et al. shows they give small contributions [47]. The
real part of the scattering amplitude is also ignored in the same manner as Ryu et al.. Figure 5.7

Im Irescatt. —

o
/ EJL(W — KTA)IL(KYA* — ép), (5.12)

“The sign convention of the invariant amplitude M in Ref. [47] is different from the invariant amplitude I in
Ref. [18]. M = —1I.
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shows the Feynman diagrams for the K+ A(1520) rescattering process. As shown in the figure,
the left-hand (right-hand) side amplitude I, (yp — KTA*) [Ir(KTA* — ¢p)] is calculated
by summing up the three different types of the tree level diagrams (s-channel, ¢-channel, and
contact-term contributions).

y ¢

A(1520)

Fig. 5.7: Feynman diagrams for the vp — KTA(1520) — ¢p rescattering process.

To take into account the higher order effects, the form factors F, and Fp are introduced as
follows:

]L(’Yp—> K+A*) = (IL75+]L7t+IL7C)FL(S,t), (513)
IR(KTA* — ¢p) = (Ips+ Ips + Irc) Fr(s,t), (5.14)

where I, s (Irs), I+ (Irt), and Iy, . (Ir.) represent the s-channel, the ¢-channel, and the
contact-term amplitudes of the yp — KTA(1520) [KTA(1520) — ¢p] reaction, respectively.
The form factors are parametrized in a gauge-invariant manner:

niAf " noAs  \™
F t) = 5.15
r(s:t) (nlA‘l1 + (s — mg)Q) noAy +¢2) 7 (>-15)
n3A§ s n4Ai n4
F t) = . 5.16
o(s:t) (n3A§ + (s — m]%)Q) nyAj + 12 (5.16)

To calculate the amplitudes, we use the following effective interaction Lagrangian densities for
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the yp — KTA(1520) — ¢p reaction [47, 73, 74, 75,76, 77,78, 79]:

Logx =—ie[(0"K ) Kt — (0"K") K™ ] A,, (5.17)
L,ny =—eN Kw — a“”a,,) Au] N, (5.18)
mp
Lognne = —ie 5N Mg A HA™, (5.19)
mg
Lina = gf;i:* Neys (0, KF) A, (5.20)
Lok = —igork [(0"K™) K+ — (0"K™) K] ¢, (5.21)
- K
»C¢NN = —9¢NNN {(7“ - 5 ¢ Uwau) Cbu} N, (5.22)
myp
Lowcnns = —igori T N, KA, (5.23)
K

where K and A* denote the kaon and A(1520) fields, respectively. Then, the amplitudes can be
written as follows [47]:

JEIRNA - q,+myp CIKNA* Kp _ q,+
Toy = —i S9N Vg s Be CIRNA B g,k
L, p— (p2) 2ﬂ5q2 mggfwu(pl)—l- - 2mp (p2) 2M’Y5q2 2¢ Fyu(pr),
(5.24)
26 * k E
I, =1 JINA U“(m)qt; 2 7”YE)U(pl) (5.25)
mg q; — m
e *
I = i (py)e, ysu(p), (5.26)
mg
- 9KNA*9¢NN q,+mp 9KNA*9¢NN K¢ q,+
Ips =1 m—K u(p )% 2 — 275%,;1““(?1) K om, u(p )%2% 72— 275k1uu (p1),
(5 27)
* le 8
I, = A IOKK ’ (251 (1), (5.28)
mg Qt
I = i (pz)%SWU“(pl) (5.29)

where k; is the 4-momentum of the incoming meson (or photon), and %5 is the 4-momentum
of the outgoing meson. p; (p2) is the 4-momentum of the incoming (outgoing) baryon. ¢; =
ki1 + p1 and ¢; = ki — ko. u* (u with a contravariant index p) represents a Rarita-Schwinger
vector-spinor for the A(1520) (spin-3/2) field [51].

Table 5.3 shows the parameters used in the present work, which are taken from Ref. [47].

Table 5.3: The coupling constants and anomalous magnetic moments used in the calculation
of the rescattering process.

grnae 11 K NA(1520) coupling constant [80]

gonn  0.25  @NN coupling constant

Joxx 4.7 @K K coupling constant

Kp 1.79 anomalous magnetic moment [52]

K 0.2  anomalous magnetic moment [81]
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5.2.2 Form factor for the yp — K*A(1520) reaction

As shown in Fig. 5.8, the form factor FJ (s, t) for the yp — K*A(1520) reaction [Eq. (5.16)]
is determined using the energy dependence of the total cross section measured by CLAS Col-
laboration [82].

15
i —e— CLAS?2013
B —e— SAPHIR 2011
i —5— LAMP2 1980
1= % Ryu et al. (2014)
'k
Q — Fit result
5 B %]
b —
05—
0

3 35
E, (GeV)

Fig. 5.8: Total cross section for the yp — K1A(1520) reaction. The solid circles represent
the CLAS results [82], and the open circles are the SAPHIR results [83]. The open squares
represent the LAMP2 results [84]. The green solid curve is taken from Ref. [47].

The obtained parameters are listed in Table 5.4.

Table 5.4: Cut-off parameters used in Eq. (5.16).

ns
Ny

As

0.6
8
1.16 GeV

Ay 274 GeV

The result of Ryu et al. is overlaid in Fig. 5.8 for reference. Because they use the SAPHIR
2011 data to tune the form factor F(s, ), two calculation results are rather different.

5.2.3 Numerical results

Since there are no experimental data for the K"A(1520) — ¢p reaction, the form fac-
tor Fr(s,t) [Eq. (5.15)] is determined using the energy dependence of (do/dt),—; . for the
vp — ¢p reaction, which is obtained by this work. In addition to ni, no, Aj, and As in
Eq. (5.15), the Pomeron strength factor Cp is redetermined by a fit. Figure 5.9 shows the fit-
ting results. Note that we do not use a Pomeron suppression factor, which Ryu et al. have
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used [47] (see Fig. 1.25). By introducing the KA (1520) rescattering effect, the excess around
E, = 2 GeV is reproduced in some degree.
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Fig. 5.9: Energy dependence of (do/dt);—; .. The red solid curve represents the theoretical
calculation with the K+ A(1520) rescattering effect included.

The fitting results are shown in Table 5.5.

Table 5.5: Cut-off parameters in Eq. (5.15) and redetermined Pomeron strength factor Cp.

nq 5

%) 15

Ay 2.81 GeV
Ay 0.504 GeV

Cp 0.618 GeV 2

The results of spin-density matrix elements at ¢ = ¢,;, are shown in Fig. 5.10.
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Fig. 5.10: E. dependence of spin-density matrix elements in the Gottfried-Jackson frame.
The red solid curves represent the theoretical calculations at t = ¢, including the KA (1520)
rescattering effect.

As for pi_;, the KTA(1520) rescattering process gives almost zero, while the Pomeron
exchange amplitude gives 4-0.5. Therefore, the calculation result is smaller than that of
Pomeron+7° + 1 model (Fig. 5.6), although the difference is very small. Furthermore, the
theoretical curve still overestimates the data point for 1.97 < E, < 2.17 GeV bin.

Even though the uncertainty about the from factor of the KA (1520) — ¢p reaction is large,
and we ignored the real part of the amplitude, the rescattering could explain the £, = 2 GeV
excess without any artificial Pomeron suppression factor. To confirm whether the KA (1520)
rescattering effect is significant or not, the ¢ photoproduction from the neutron gives valu-
able information. The contribution of the rescattering process yn — KYA(1520) — ¢n is
considered to be smaller than that of the yp — KTA(1520), since the cross section for the
photoproduction of A(1520) from the neutron is smaller than that from the proton [85].

5.3 Natural-Parity Exchange Contributions Extracted
from v‘He — ¢*He Reaction

As described in section 1.3.3, the v*He — ¢*He reaction can be used as a filter of natural-parity
exchange processes. From the measurement of the v*He reaction, Hiraiwa et al. evaluated the
contribution of the natural-parity exchange processes to the 7p reaction (do/ dt)gtmm using
three different models (model-1, model-2, and model-3) [42].

In the model-1, the energy dependence of the (do/dt)}¥, is as follows:

d NP k 2
(d—‘tj> x (k—¢> , (5.30)
t=%min v
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where £, (k) is the 3-momentum of the ¢ meson (incident photon) in the center-of-mass
frame. In the model-2, a conventional Pomeron model in Ref. [39] is used. In the model-
3, the energy dependence of the Pomeron exchange process is modified to make a threshold
enhancement, which is equivalent to the conventional Pomeron exchange contribution plus an
additional daughter Pomeron exchange contribution. For each model, the overall strength is
determined to fit the energy dependence of (do/dt).—; . for the v*He — ¢*He reaction. The
results are shown in Fig. 5.11. The conversion between (do /dt);—; . for the v*He — ¢*He
reaction and (do/dt)}¥, is performed using the charge form factor of helium-4 [42, 86].
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Fig. 5.11: E, dependence of (do/dt)i—,,, for v*He — ¢*He reaction (top) [42] and vp —
¢p reaction (bottom) [10]. The magenta dashed curve represents the Pomeron contribution
determined by this work (Fig. 5.4).

The model-1 and model-2 produce the similar results, and they overestimate the (do/dt):—;, .
for the yp reaction above £, = 2.37 GeV, though they contain only natural-parity exchange
processes. On the other hand, they underestimate the (do/dt);—,,, below E, = 2.17 GeV.
These observations are difficult to explain without introducing complicated energy-dependent
interference effects between natural- and unnatural-exchange processes. Out of these models,
the model-3 describes the y*He reaction well. As for the yp reaction, the (do/dt)}L, of the
model-3 well reproduces the (do /dt);—; . results near threshold, suggesting that the unnatural-
parity exchange processes interfere with the additional daughter Pomeron exchange process
destructively. In the higher energy region above E, > 2.37 GeV, the model-3 overestimates
the Pomeron contribution determined by this work, which is difficult to explain without the
modification of the Pomeron exchange amplitude. It is not trivial that the method to convert the
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cross section for the y*He reaction to that for the vp reaction works well, and further studies
are needed in order to explain the vp and v*He reactions consistently. Especially, the cross
section measurements of the v*He — ¢*He above E., = 2.37 GeV is important to distinguish
models (Fig. 5.11).

The predominantly imaginary Pomeron-exchange amplitude at low energies is not trivial, and
it is also possible that the Pomeron-exchange amplitude interferes with other amplitudes near
threshold. To pin down the interference effects, ¢ photoproduction from the deuteron is helpful
in addition to the coherent production from the *He. The coherent production from the deuteron
can be used to extract 7 and Pomeron exchange contributions, and the ratio of the production
rate of neutrons to that of protons in incoherent production can be used to disentangle the
7%, n and Pomeron exchange amplitudes. Precise measurements of these reactions and an
understanding of the Pomeron-exchange amplitude at lower energies are desired.
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SIX

SUMMARY

We have measured the yp — ¢p reaction at £/, = 1.5 — 2.9 GeV to study the nonmonotonic
structure around £, = 2.1 GeV in the energy dependence of (do/dt);— . The experiment was
performed at SPring-8/LEPS, using a linearly polarized backward-Compton-scattering photon
beam. 8.0 x 10" photons at ., = 1.5—2.9 GeV were injected into an LH, target (1.18 g/cm?),
and produced charged hadrons were detected by the LEPS spectrometer covering forward an-
gles (4:0.4 rad in horizontal direction, 0.2 rad in vertical direction). The KK~ decay mode
was used to study the ¢ meson.

We have analyzed the K™ K~ detected events, and the recoil proton was identified using the
missing mass distribution M (v, KTK~). The KK~ invariant mass distribution showed a
clear peak corresponding to the ¢ meson on top of the background. The background was
subtracted using the ¢p, KTA(1520), and nonresonant X" K ~p templates obtained from the
Monte Carlo simulation.

The number of ¢ mesons was obtained by counting events in 1.005 < M(KTK™) <
1.035 GeV/c?, where M(KTK™) is the background subtracted K+ K~ invariant mass dis-
tribution. The acceptance correction was performed using the Monte Carlo simulation, and the
differential cross section do /dt and spin-density matrix elements were extracted. The cross sec-
tion results show the forward peaking structure suggesting the dominance of the ¢-channel pro-
cesses, and the ¢-slope factor B and (do/dt),—,, were obtained with an exponential curve fit-
ting. The energy dependence of the (do /dt),—;_. is different from that of CLAS measurements.
Comparing with the CLAS results, the LEPS measurements show smaller (do /dt);—; . below
E, = 2.2 GeV, and the energy dependence in the nonmonotonic region is more moderate.
Also, the energy dependence of the ¢-slope factor B shows a different behavior from the CLAS
results. The LEPS results show no strong energy dependence, and are 21.7% smaller below
E, = 2.1 GeV with a statistical significance of 3.20 and 9.7% larger in 2.2 < E, < 2.9 GeV
with 2.40. The LEPS spectrometer covers forward angles and the CLAS spectrometer covers
larger angles, therefore it is possible that different processes dominate the reaction.

The spin-density matrix elements are extracted from the decay angular distributions of ¢
mesons, and the dominance of the Pomeron-exchange process (~ 80%) is confirmed. This
is the first measurement of the SDMEs p! and p? above 2.37 GeV. They show the moderate
energy and ¢ dependences. The SDME pi_,, which indicates the ratio of the ¢-channel natural
parity exchange to the unnatural parity exchange, shows the monotonically increasing energy
dependence. This observation indicates that the contribution of the Pomeron exchange process
increases relative to the other processes.

We used a t-channel Pomeron, 7%, and 1 exchange model to compare with our results. We
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determined the Pomeron strength factor using our cross section results, and confirmed that the
(do/dt),—,,, and SDMEs are consistently described by the Pomeron+7" + 1 model in the E.,
region above 2.37 GeV. As for the ¢-dependence of the differential cross section, we have to
do further parameter adjustments to reproduce the data points, especially tuning of the form
factor of the Pomeron-+-¢ vertex. In the lower £, region, an excess over the model prediction
is observed in the energy dependence of (do/dt);— . . In the same region, the SDME pl _, is
also overestimated. These observations suggest that additional processes or interference effects
between Pomeron exchange process and other processes appear near the threshold region. In
any case, the process which makes the excess should not bring substantial changes to SDMEs
or t-slope factor B.

While this work has revealed that the yp — ¢p reaction is well explained by the ¢-channel
Pomeron—+7" + 7 model above E, = 2.37 GeV, its processes in the lower energy region are
still controversial. We tried to explain the excess of (do/dt);—, . by introducing a KA (1520)
rescattering effect, using an effective Lagrangian approach. By adjusting unknown parameters
related to KA (1520) — ¢p reaction, the excess can be reproduced without modifications of
the Pomeron exchange amplitude at low energies. For the further study, a meticulous compar-
ison of the ¢ photoproduction from the proton and the neutron gives valuable information to
judge the KA (1520) rescattering contribution.

To pin down the Pomeron behavior at low energies, precise and wide-energy-range measure-
ments of the several reactions such as vd — ¢pn, yd — ¢d, and v*He — ¢*He are essential,
in addition to the development of the theoretical approach to associate these reactions with the
vYp — ¢p reaction.
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APPENDIX
A

TEMPLATE FITTING RESULTS FOR YIELD
CALCULATION

The template fitting results for the yield calculation are shown in Figs. A.1-A.18. 2007 and
2015 data are separately fitted because the acceptances are different. See section 3.4.1 for
details.
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